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A b s tra c t
T he  e ffec ts  o f  b o th  carbon  m onoxide (a s  a  gas p h a se  a d d itiv e )  and  
p o ta ss iu m  (as a  c a ta ly s t  a d d itiv e )  on th e  se le c tiv e  h y d ro g en a tio n  o f 
a c e ty le n e  over Pd/Ala03 was s tu d ie d  by deu terium  tr a c e r  ex p erim en ts  
com bined w ith K em ball's s t e a d y - s t a t e  tre a tm e n t an d  te m p e ra tu re  
program m ed reac tio n  (TPR). T he TPR of ace ty len e  an d  e th y le n e  in  
hyd rogen , which w as a tte m p te d  in  th i s  s tu d y  fo r th e  f i r s t  tim e, en ab led  
th e  in v e s tig a tio n  o f th e  b e h a v io r o f  th e  adso rbed  species on Pd.
CO add ition  to  th e  re a c tio n  m ix tu re  s ig n if ic a n tly  in c re a se d  th e  
p ro b a b ility  of e th y le n e  d eso rp tio n  d u rin g  e thy lene  d e u te ra tio n  w hile 
m inor e ffe c ts  due to  CO d isp lacem en t o f hydrogen w ere o b served  fo r 
a c e ty le n e  d e u te ra tio n . In th e  case  o f se le c tiv e  rem oval of tra c e  
a c e ty le n e  from e th y le n e  s tream s, r e s u l t s  su g g es t th a t  CO blockage o f  Hz 
a d so rp tio n  s ite s  is  le ss  im p o rta n t th a n  CO d isp lacem en t o f e th y le n e  in  
im proving  th e  o v e ra ll s e le c t iv i ty  o f th e  in d u s tr ia l  p rocess.
In ace ty le n e  TPR, p read so rb ed  CO induced  changes in  oligom er y ie ld s , 
d e lay ed  deso rp tion  o f oligom ers an d  su p p ressed  se lf -h y d ro g e n a tio n  d u rin g  
th e  ad so rp tio n  o f a c e ty le n e . T h ese  re s u lts  in d ica te  th a t  CO blocks th e  
a d so rp tio n  s ite s  w hich accom m odate a c e ty le n e  and  th e  hydrogen  p ro d u c t 
from  a c e ty le n e  d isso c ia tio n  to  r e s u l t  in  th e  supp ressio n  o f in i t ia t io n  and  
p ro p ag a tio n  re a c tio n s  fo r oligom ers.
Po tassium  doped c a ta ly s ts  y ie ld ed  a n  enhancem en t in  a c e ty le n e  
h y d ro g en a tio n  s e le c tiv i ty  to  e th y le n e , an  in c re a se  in  th e  r a te  o f th e  
a c e ty le n e  hyd rogenation  re a c tio n , a n d  a n  In c rease  in th e  oligom er y ie ld  
from th e  hyd rogenation  o f a c e ty le n e . In  th e  ace ty le n e  TPR sp e c tra  o f  K 
doped c a ta ly s ts ,  s h if ts  o f  oligom er p eak s  to  lower te m p e ra tu re s  w ere
x i i
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o bserved , In d ica tin g  th a t  d e so rp tio n  of th e  ad so rb ed  sp e c ie s  w as 
en h an ced  by K a d d itio n . A in c re a se  in  th e  p ro b a b ility  o f  e th y le n e  
d eso rp tio n  was a lso  found  v ia  e th y le n e  d e u te ra tio n  ex p erim en ts . A 
d e c re a se  in  th e  r a te  o f e th y le n e  d e u te ra tio n  w ith  K a d d itio n  w as 
o bserved , w hich c o n tra s ts  w ith  th e  enhanced  r a te  o f a c e ty le n e  
h y d ro g en a tio n . The o b se rv ed  in c re a se  in  th e  a c e ty le n e  h y d ro g e n a tio n  
s e le c tiv i ty  to  e th y le n e  a p p e a rs  to  be due to  e a s ie r  e th y le n e  d e so rp tio n  
an d  su p p ressed  e th y le n e  a d so rp tio n . All o f th e s e  e f fe c ts  m ay be 
ex p la in ed  by K -in d u ced  re d u c tio n  in  hydrocarbon  a d so rp tio n  s tr e n g th .  
The e ffe c t o f K a r is e s  th ro u g h  m e ta l- s u p p o r t in te ra c tio n s .
x i i i
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I. INTRODUCTION
In ou r so c ie ty , po lym ers a re  w idely u sed  in  e v e ry d a y  life , and 
po ly e th y len e  p ro d u c tio n  o f  a b o u t 18.6 b illio n  lb /y r  r e p re s e n ts  a  s izeab le  
frac tio n  o f th e  polym eric m a te ria ls  (G reek, 1988). P o ly e th y len e  is 
m anufac tu red  from e th y le n e  w hich la rg e ly  comes from  s team  crack ing  of 
lig h t n a p th a s . The raw  hydrocarbon  s tream  from s team  crack in g  is 
d is tille d  in to  i t s  m ajor com ponents, b u t th e  e th y le n e  f ra c tio n  co n ta in s  
ace ty le n e  in  am oun ts  a s  h igh  a s  1 % w hich is  d if f ic u l t  to  rem ove v ia  
fra c tio n a tio n  (D errien , 1986). F urtherm ore , a c e ty le n e  is  p a r tic u la r ly  
unw anted  a s  I t  h a s  a d v e rse  e ffe c ts  on th e  e th y le n e  po lym erization  
process (W interbottom , 1981). T herefore , a c e ty le n e  is  g e n e ra lly  rem oved 
by se le c tiv e  h y d ro g e n a tio n  u s in g  an  ap p ro p ria te  c a ta ly s t .  O th er p rocesses 
such a s  s e le c tiv e  a d so rp tio n  a re  n o t used  a s  f re q u e n tly  b eca u se  se le c tiv e  
hyd ro g en a tio n  h a s  th e  a d v a n ta g e s  o f s im p lic ity  o f  im plem entation , 
effic iency , an d  e a se  o f o p e ra tio n  (D errien, 1986).
T h ere  a re  m any a l te r n a t iv e  se le c tiv e  h y d ro g en a tio n  p ro cesses  which 
can  be used  to  t r e a t  v a r io u s  k in d s  o f feed  s to ck s . A p o p u la r  p ro cess  is 
hyd ro re fin in g  o f an  e th y le n e - r ic h  c u t ( ty p ic a lly  1% C2 H2 , 79% C2H4 , 20% 
C2H6) (D errien , 1986). In  th i s  p rocess, high p u r ity  h y d ro g en  is  in troduced  
sto ic h io m e trica lly  (w ith  re s p e c t to  ace ty le n e ) in to  th e  feed  and  the  
ace ty le n e  c o n c e n tra tio n  is  reduced  to  2 ppm. A long w ith  hydrogen , a 
trac e  o f carbon  m onoxide (6 0 -5 0 0  ppm) may a lso  b e  added  to  in c re ase  
th e  e th y le n e  s e le c t iv i ty .  T yp ical reac tio n  o p e ra tin g  c o n d itio n s  a re  abo u t 
25 b a r and  333 to  343 K. The c a ta ly s t  u sed  in  th is  p ro c e ss  is  pallad ium  
sup p o rted  on a lu m in a  (pa llad ium  co n ten t a b o u t 0.04% ). O ligom ers, which 
are  b y -p ro d u c ts  o f a c e ty le n e  hyd ro g en a tio n , cau se  o p e ra tio n a l problem s
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in  th e  form o f oligom er accum ula tion  w h ich  r e s u l t s  in  c a ta ly s t  
d e a c tiv a tio n  w ith  tim e. The re a c to r  te m p e ra tu re , hydrogen  p ressu re , and  
CO c o n te n t a re  th e n  a d ju s te d  accord ing ly  to  m a in ta in  conversion  w hile 
sac rific in g  e th y le n e  se le c tiv ity . E v e n tu a lly  th e  c a ta ly s t  m ust be 
reg en e ra ted .
In  th e  In d u s tr ia l  p ro cess , s e le c tiv i ty  to  e th y le n e  is  a  k ey  ob jective . 
S e le c tiv ity  to  e th y le n e  is  u su a lly  defin ed  a s  th e  e th y le n e  y ie ld  d iv ided  
by th e  sum  o f e th y le n e  y ie ld  and  e th a n e  y ie ld . Hence, o pera ting  
cond itions, c a t a ly s t  an d  ty p e  of p ro cess  a re  op tim ized  so a s  to ach ieve 
maximum s e le c t iv i ty .  H igher c a p ita l in v e s tm e n t o r h ig h e r opera tin g  co s ts  
can  be reco v e re d  ra p id ly  if  th e  e th y le n e  y ie ld  is  Im proved even  s lig h tly  
(D errien , 1986). A b e t te r  u n d e rs ta n d in g  o f  th e  s e le c t iv i ty  phenom ena 
over Pd c a ta ly s ts  is  v e ry  im p o rtan t i f  we a re  to  d isco v e r more e ffic ien t 
o p e ra tin g  c o n d itio n s  or d esign  im proved c a ta ly s ts .
A d d itiv es  a re  f re q u e n tly  used to  m odify th e  s e le c tiv i ty  or reac tio n  
ra te  in  c a ta ly t ic  p ro cess in g . T hese a d d itiv e s  can  be in tro d u ced  in  th e  
reac tio n  m ix tu re  (su ch  a s  CO) or p laced  d ire c t ly  on th e  c a ta ly s t  (such as  
a m e ta llic  p rom oto r). In th e  se le c tiv e  h y d ro g e n a tio n  o f  ace ty le n e , CO h as  
been u sed  a s  a  feed  s tream  a d d itiv e  to  e n h a n c e  th e  s e le c tiv ity  o f 
c a ta ly s t .  H owever, th e  ro le  o f CO in  im proving e th y le n e  s e le c tiv i ty  is  n o t 
well u n d e rs to o d , th o u g h  i t  h as  been  th e  su b je c t o f s e v e ra l resea rch  
e ffo rts . S e v e ra l c a ta ly s t  prom otors h a v e  a lso  b een  u sed  to  enhance th e  
s e le c t iv i ty  o f th i s  p ro cess . T here a re  re p o r ts  on th e  a d d itio n  of Pb a n d  
Zn to  Pd (L in d la r, 1966; M iller, 1966; P e te rso n , 1977; Palczw ska, 1984) 
and  th e  a llo y in g  o f  Pd w ith  Group IB t r a n s i t io n  m e ta ls  Including Ag 
(Bond e t  a l., 1958), Cu (Schay e t  a l., 1983; L ev in ess , 1984; Weiss, 1984),
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a n d  Au (V lsser e t  a l., 1974). T he en h an cem en t In  th e  s e le c t iv i ty  and  
re a c tio n  r a te  w ith  th e  ad d itio n  o f Group IB t r a n s i t io n  m e ta ls  was 
a sc rib e d  to  th e  d o n a tio n  o f e le c tro n s  from  th e se  m e ta ls  to  Pd (B o itiau x  
e t  a l., 1985a). A lkali m eta l c a tio n s , a lso  p o te n tia l  e le c tro n  d o n o rs , m ight 
y ie ld  sim ilar e ffe c ts  b u t th e re  a re  no re p o r ts  on th e  u se  o f  th e se  
p o te n tia l  prom otors fo r  c a ta ly s ts  u se fu l fo r th e  s e le c tiv e  h y d ro g e n a tio n  
o f  ace ty le n e . A lkali m e ta ls  h a v e  been  shown to  fa v o ra b ly  a l t e r  th e  
a c t iv i ty  and  s e le c tiv i ty  o f th e  t r a n s i t io n  m e ta l c a ta ly s ts  in  th e  
p ro cesse s  of CO h y d ro g en a tio n  and  ammonia s y n th e s is  (M ross, 1983), and  
th e  e ffe c t o f a lk a li  m e ta ls  on th e s e  re a c tio n s  is  know n to  b e  due to  
e le c tro n ic  fac to rs . T h ere fo re , i t  is  w orthw hile  to  t e s t  a lk a l i  m e ta l 
p rom otors fo r p o ssib le  en h an cem en t o f s e le c tiv e  h y d ro g e n a tio n  of 
a c e ty le n e  and  to  in v e s t ig a te  th e  re a so n s  fo r an y  a s so c ia te d  e f fe c ts .
In th is  s tu d y , th e  e ffe c ts  o f CO an d  a  p o ta ss iu m  prom oto r on th e  
s e le c tiv e  hyd ro g en a tio n  o f  a c e ty le n e  o v e r Pd/Al203 h as  b een  s tu d ie d  
u s in g  deu terium  t r a c e r  and  TPR te c h n iq u e s . K doped Pd/Al203 c a ta ly s ts  
w ere p rep a red  and  te s te d  fo r th e  c a ta ly t ic  perform ance. T he p ro d u c t 
d is tr ib u tio n  from th e  d e u te ra tio n  o f a c e ty le n e  o r e th y le n e  h a s  been  
a s se s se d  u sin g  K em ball's m ethod and  th e  in flu en ce  of a d d i tiv e s  on each  
re a c tio n  s te p  h as  b een  exam ined . We h a v e  developed  th e  m ethods fo r  TPR 
ex p erim en ts  app lied  to  a c e ty le n e  and  e th y le n e  re a c tio n  an d  in v e s t ig a te d  
th e  adso rbed  spec ies  on Pd/Al203 from C2H2 or C2H4 usin g  th i s  te c h n iq u e . 
T he e ffe c ts  o f a d d itiv e s  on th e  b e h a v io r of th e se  ad so rb ed  s p e c ie s  h a v e  
b een  s tu d ie d  v ia  TPR.
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II. LITERATURE REVIEW
T his s tu d y  Includes th e  in v e s t ig a t io n  o f a d so rp tio n  an d  reac tio n  o f 
a c e ty le n e  an d  e th y le n e  on Pd so t h a t  p rev io u s  s tu d ie s  on th is  su b jec ts  
a re  p a r t ic u la r ly  r e le v a n t an d  w ill be rev iew ed  befo re  d iscu ss in g  th e  
p re s e n t u n d e rs ta n d in g  o f th e  re a c tio n  p a th w a y s  an d  s e le c tiv i ty  
phenom ena in  th e  se le c tiv e  h y d ro g en a tio n  of a c e ty le n e . P rev io u s s tu d ie s  
on th e  e f fe c t o f  CO on th is  p ro cess  an d  a  g e n e ra l d iscu ss io n  on th e  
e f fe c t o f  a lk a li  m etal doping  of tr a n s i t io n  m e ta l c a ta ly s ts  a re  a lso  
p re se n te d .
2.1 A d so rp tio n  o f  A ce ty len e  an d  E th y le n e  on P allad ium  C a ta ly s ts
The su rfa c e  spec ies  w hich a re  know n to  be formed on m etal from 
a c e ty le n e  and  e th y le n e  a d so rp tio n  a re  sum m arized in  F igure 2 .1 . 
A ce ty len e , w hen adsorbed  on su p p o rte d  Pd, u n d erg o es  se lf -h y d ro g e n a tio n  
w ith  th e  p ro d u c tio n  o f e th a n e  (Webb, 1978). E th y le n e  was a lso  observed  
to  undergo  se lf -h y d ro g e n a tio n  to  e th a n e  upon  a d so rp tio n  on p a l la d i-  
u m -s il ic a  c a ta ly s ts  (Webb, 1978). S e lf-h y d ro g e n a tio n  r e s u l ts  from th e  
d is so c ia tiv e  ad so rp tio n  o f e th y le n e  or a c e ty le n e  w hich y ie ld s  a hydrogen  
d e f ic ie n t h y d rocarbon  sp ec ies  an d  ad so rbed  hyd rogen . H ydrogen atom s 
th u s  l ib e ra te d  r e a c t  w ith  a c e ty le n e  or e th y le n e  to  p roduce e th a n e . T he 
e x te n t  o f  d isso c ia tio n  is  know n to  depend  upon th e  te m p e ra tu re  and  th e  
c a ta ly t ic  m e ta l (Webb, 1978).
L ittle  e t  a l. (1960) ob serv ed  a s s o c ia t iv e ly  ad so rb ed  a c e ty le n e  a t  293 
K a s  IR b an d s  w hich could be a ss ig n ed  to  o le fin ic  sp ec ie s . In  th e  case  of 
e th y le n e  a d so rp tio n , a s so c ia t iv e ly  ad so rb ed  sp e c ie s  w ere sm all com pared 
to  d is s o c ia tiv e ly  adso rbed  sp e c ie s  a t  293 K, b u t  w ith  p read so rb ed
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F igure 2 - 1 .  S u rface  sp ec ie s  on m e ta ls  from th e  a d so rp tio n  o f C2H2 
an d  C2H4 (Webb, 1978; Z aera an d  Som orjai, 1984).
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hydrogen (Webb, 1978), b an d s  due to  s a tu ra te d  sp e c ie s  fo r a s so c ia tiv e ly  
adsorbed  o le fin s  p red o m in a ted . T h erefo re , u n d e r co n d itio n s  u sed  for 
c a ta ly tic  h y d ro g en a tio n  w here  hydrogen  is  p re s e n t, e th y le n e  is  p robab ly  
adsorbed  a s so c ia tiv e ly .
A l-A m m ar and  c o lleag u e s  (1978a) h av e  o b se rv ed  two ty p e s  of 
ad so rp tio n  from  l14C] t r a c e r  s tu d ie s . The ad so rp tio n  o f  lwC lacety lene and  
[14C ]ethylene on su p p o rte d  Pd c a ta ly s t  r e s u l t s  in  a  n o n - l in e a r  prim ary  
reg ion  w here th e  sp ec ie s  a re  d is so c ia tiv e ly  adso rbed , follow ed by  a  lin e a r  
secondary  reg ion . The se c o n d a ry  ad so rb ed  sp ec ie s  w ere th o u g h t to  e x is t  
a s  an  o v e r la y e r  on th e  d is so c ia tiv e ly  adso rbed  h y d ro carb o n s  and  to  be 
invo lved  in  h y d ro g en a tio n .
R ecently , a  s ta b le  su rfa c e  sp ec ie s  formed from e th y le n e  h a s  been 
determ ined  to  be e th y lid y n e  ( C H 3 - 0 ) .  On Pd, su rfa c e  e th y lid y n e  was
im m ediately and  i r re v e rs ib ly  form ed a t  300 K b u t  i t  w as n o t formed
below 240 K (Beebe e t  a l . ,  1985). E th y lid y n e  is  a lso  form ed by a c e ty le n e  
ad so rp tio n  on Pd an d  is  th o u g h t to  o rig in a te  from  th e  re a c tio n  of 
adsorbed  a c e ty le n e  a n d  hydrogen  w hich is  d e riv e d  from d isso c ia tiv e ly  
adsorbed  a c e ty le n e . Z ae ra  a n d  Somorjai (1984) p roposed  th a t  th e  
e th y lid y n e  sp ec ie s  on P t is  h y d ro g en a ted  to  e th y lid e n e  (C H 3-C H =) which 
se rv e s  as  a  'c o c a ta ly s t’ in  th e  h y d ro g en a tio n  o f e th y le n e , w hereby 
e th y lid e n e  t r a n s fe r s  i t s  new ly  acq u ired  a -h y d ro g e n  to  an  e th y len e  
m olecule w hich is  ad so rb ed  in  th e  o v e rla y e r. However Beebe e t  a l. (1986) 
found  th a t  o v e r Pd/AlaOs, th e  fo rm ation  and  h y d ro g en a tio n  of e th y lid y n e  
is  2 -3  o rd e rs  o f  m ag n itu d e  slow er th a n  e th y le n e  h y d ro g en a tio n , so th a t
i t  is  sim ply a  s p e c ta to r  sp e c ie s  o v er Pd.
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A cety len e  ad so rbed  on m any d if fe re n t  m e ta ls  Inc lud ing  Pd (Webb, 
1978) w as found  to  be re ta in e d  a s  s u r fa c e  polym er. The ex is ten ce  o f C< 
a n d  Cs com pounds on e v a p o ra te d  Pd film  w as o b serv ed  by McCarrol e t  a l. 
(1970). T h ere  a re  no re p o rts  on oligom er fo rm ation  from e th y le n e  
a d so rp tio n  on  Pd, b u t e th y le n e  d im eriza tio n  on Ni w as o b served  in  a  FEM 
s tu d y  (W halley e t  a l., 1970) and  IR s tu d y  (Morrow and  Sheppard , 1969).
The chem iso rp tlon  b eh av io r  o f  a c e ty le n e  on Pd s ing le  c ry s ta l  
s u rfa c e s  w as s tu d ie d  by G entle  a n d  M u tte rtie s  (1983), w here fiv e  
com peting  re a c tio n s  w ere recogn ized  Inc lud ing  decom position  to  carbon , 
re v e rs ib le  d eso rp tio n , re v e rs ib le  C-H  sc iss io n , tr im e rlz a tio n  to  benzene
a n d  h y d ro g en a tio n  to  e th y len e . T he cy c lo trim eriza tio n  to  benzene h a s
b een  th e  su b jec t o f s e v e ra l s tu d ie s  (Tysoe e t  a l., 1983,1986; Logan e t  
a l .,  1986). Of th e se , Tysoe e t  a l . 's  TPD s tu d y  (1983) is  p a r tic u la r ly
re la te d  to  th i s  s tu d y . When a c e ty le n e  w as ad so rbed  on P d [ l l l ]  a t  175 K, 
a  f la t - ly in g  ace ty le n ic  sp ec ie s  p red o m in a te s  lead in g  to  lo w -te m p e ra tu re  
tr im e rlz a tio n . For ad so rp tio n  a t  300 K, o le fin ic  sp ec ie s  w ith  i t s  C-C a x is  
p e rp e n d ic u la r  to  th e  su rfa c e  w ere m ain ly  o b served  and  m ay a c t a s  th e  
in te rm e d ia te  to  p a r t ia l  h y d ro g en a tio n  to  e th y le n e .
2 .2  S e le c tiv e  H ydrogenation  o f  A ce ty len e
M any s tu d ie s  on th e  s e le c t iv i ty  phenom ena in  th e  a c e ty le n e  
h y d ro g e n a tio n  p rocess h av e  ap p ea red  in  th e  open  l i te r a tu r e .  A fte r e a r ly  
s tu d ie s  by S heridan  e t  a l. (1945), a c e ty le n e  hyd rogenation  was 
e x te n s iv e ly  s tu d ie d  by  Bond e t  a l. o v e r  pum ice and  a lum ina su p p o rted  
m e ta ls  an d  m e ta l pow ders. The re a c tio n  o f a c e ty le n e  w ith  deu terium  o v er 
n ic k e l and  a lum ina su p p o rted  Group VIII m e ta ls  h a s  also  been  
in v e s t ig a te d . All of th e se  w orks h a v e  been  rev iew ed  by Bond (1962,1963)
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an d  Webb (1978). Of a l l  th e  Group VIII m e ta ls , su p p o rte d  pallad ium  was 
found to  be th e  m ost a c t iv e  an d  se le c tiv e  c a ta ly s t  fo r ace ty len e  
h y d ro g en a tio n .
The gen era l co u rse  o f  th e  ace ty le n e  reac tio n  o v e r  P d /a lu m in a  (Bond 
e t  a l., 1965a) can  be  c h a ra c te r iz e d  by th re e  b a s ic  re g io n s  w hich co n sis t 
o f a) a n  in i t ia l  slow , ze ro  o rd e r reg ion  in  w hich th e  m ajor p roduct is  
e th y le n e  (e th y len e  s e le c t iv i ty  95%), b) a n  a c c e le ra tio n  reg io n , and  c) a 
rap id  r a te  reg ion  w hich is  e s s e n tia lly  n o n -s e le c tiv e  to  e th y le n e . As th e  
in i t ia l  HsA^H: r a t io  in c re a sed , reg ions a )  an d  b) p ro g ress iv e ly
d isap p ea red  u n til, a t  r a t io s  o f 10/1 or h igher, on ly  reg io n  c) is  ev iden t. 
T he h igh  s e le c tiv i ty  in  reg ion  a) was th o u g h t to  be d u e  to  th e  a b ility  of 
a c e ty le n e  to  d isp lace  H2 and  adso rbed  e th y len e  w hich is  form ed on th e  
pallad ium  su rface  v ia  s in g le  h y d ro g en a tio n  of a c e ty le n e . R egions b) and 
c) becom e e v id e n t a s  hydrogen  beg ins to  com pete su c c e ss fu lly  w ith 
d e p le tin g  am ounts o f a c e ty le n e  for su rfa c e  s ite s .
The se le c tiv i ty  to  e th y le n e  during  a ce ty le n e  h y d ro g e n a tio n  h as  been 
ex p la in ed  by th e  c o n c e p ts  o f 'm ech an is tic ' and  'th erm o d y n am ic ' fac to rs  
w hich can  be sum m arized a s  follows. D uring a c e ty le n e  hyd rogenation , 
b o th  e th y le n e  and  e th a n e  a re  form ed during  one re s id e n c e  o f  ace ty len e .
CaH<i(g)
t  "2H I 2H
C2H2(a) ---------> C2H4(a)  ^  C2H6(a)
k i  k3
The know ledge o f th e  r a te  c o n s ta n ts , k2 and k3 , a long  w ith  th e  reac tio n  
o rd ers  in  e th y len e  and  hydrogen  fo r e th a n e  fo rm atio n  d e fin es  th e  
m ech an is tic  fac to r, w hich depends on th e  sp ec ific  p ro p e r tie s  o f th e
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c a ta ly s t .  Once e th y le n e  Is p roduced , th e  sy stem  c o n ta in s  a n o th e r  
p o te n tia l  a d so rb a te  and  th e n  a  therm odynam ic fa c to r  g o v ern s  w h e th e r 
a d so rp tio n  and  h y d ro g en a tio n  o f e th y le n e  ta k e s  p lace . The su rface  
co v erag es  o f a c e ty le n e  an d  e th y le n e  depend  on a  d iffe ren ce  in  th e ir  free  
en e rg ies  o f ad so rp tio n .
0  = su rface  coverage 
P = p a r t ia l  p re ssu re  
AG =  f r e e  e n e r g y  o f  a d s o r p t i o n
A free  en e rg y  d iffe re n ce  of only  a  few k ilo ca lo rie s  p e r  mole will r e s u l t  
in  a  v e ry  h igh  su rfa c e  coverage o f  th e  more s tro n g ly  adso rbed  m olecule. 
S ince C2H2 a d so rb s  more s tro n g ly  th a n  C2H4. re a d so rp tio n  o f C2H4 becomes 
o f m inor im portance . The d eso rp tio n  o f e th y le n e  m ay a lso  be a s s is te d  by 
a d so rp tio n  o f a c e ty le n e  (d isp lacem en t o f e th y le n e  by a c e ty le n e ) . In  th e  
case  o f pallad ium , w hich show s th e  h ig h e s t s e le c tiv ity , th e  
therm odynam ic fa c to r  is  considered  to  be so la rg e  t h a t  i t  ou tw eighs th is  
m e ta l 's  h ig h  a c t iv i ty  fo r e th y le n e  h y d ro g en a tio n .
The h y d ro g en a tio n  o f  a c e ty le n e  in  excess  e th y le n e  was s tu d ie d  by 
McGown e t  a l. (1977,1978) u sing  13C -la b e led  a c e ty le n e  an d  deu terium  
tra c e r  ex p erim en ts . T hey  found th a t  th e  m ajo rity  o f  th e  e th a n e  produced 
by h y d ro g en a tio n  o f th e  a c e ty le n e /e th y le n e  m ix tu re  cam e p red o m in an tly
w here
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from th e  e th y le n e  ev en  w hen th e  a c e ty le n e  p re ssu re  w as h ig h  enough to  
exclude  e th y le n e  a lm ost com plete ly  from  th e  m e ta l. T h is  o b se rv a tio n  led 
to  th e  p o s tu la te  th a t  tw o ty p e s  o f s i te s  e x is t  on th e  c a ta ly s t  su rfa c e  
id e n tif ie d  a s  X s i te s  w here  th e  h y d ro g en a tio n  o f a c e ty le n e  an d  e th y le n e  
proceed  to g e th e r  and  Y s i te s  w hich h y d ro g en a te  e th y le n e  ev en  in  th e  
p re se n c e  of ace ty le n e . In  d e u te ra tio n  experim en ts, th e  p re se n c e  o f a  Y 
s i te  w as a lso  su p p o rte d  by th e  find ing  th a t  D2  e th a n e  was th e  
p redom inan t p ro d u c t in  th e  p resen ce  o f ace ty le n e  w hile e th a n e  form ed 
from e th y le n e  in  th e  ab sen ce  o f a c e ty le n e  was m ain ly  Do a n d  Di. McGown 
e t  a l. a lso  su g g es ted  tw o d if fe re n t modes o f e th y le n e  ad so rp tio n  
inc lu d in g  a ,a  adso rbed  sp e c ie s  as  an  a l te rn a t iv e  to  X s i te s  an d  Y s ite s .
A l-A m m ar and  co lleag u es  (1978a, 1978b, 1979) a lso  s tu d ie d
a c e ty le n e  h y d ro g en a tio n  in  th e  p re sen ce  of e th y le n e  o v e r a lum ina and  
s ilic a  su p p o rted  pa llad iu m  using  MC -tra c e rs .  T hey found  t h a t  a c e ty le n e  
an d  e th y le n e  adsorb  on th e  c a ta ly s t  in  a  p rim ary  reg ion  an d  seco n d ary  
reg ion  a s  d iscussed  above (sec tio n  2 .1). The co adso rp tion  o f e th y le n e  and  
a c e ty le n e  show ed th a t ,  u n d e r h y d ro g en a tio n  cond itio n s , e th y le n e  and  
a c e ty le n e  a re  adso rbed  a t  s e p a ra te  s i te s  and  undergo  h y d ro g en a tio n  
in d e p en d en tly  of each  o th e r. A cety lene  adsorbed  in  th e  p rim ary  reg ion  
y ie ld ed  only  e th a n e  d u rin g  a  h y d ro g en a tio n  re a c tio n  w hile  ace ty le n e  
ad so rb ed  in  th e  seco n d a ry  reg ion  y ie ld s  e th y len e  an d  e th a n e . T his 
su g g e s ts  th a t  th re e  ty p e s  o f s i te s  a re  invo lved  in  th e  h y d ro g en a tio n  o f 
a c e ty le n e  and  e th y le n e . Type I s i te s  a re  th o se  re sp o n s ib le  fo r th e  
a c e ty le n e  adso rbed  in  th e  seco n d ary  region; Type II s i te s  a re  th o se  
re sp o n s ib le  for th e  p rim ary  adso rbed  a ce ty le n e  spec ies  an d  Type III s i te s  
a re  th o se  w hich a re  a c t iv e  fo r  e th y le n e  h y d rogenation , b u t  in a c tiv e  for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
a c e ty le n e  h y d ro g en a tio n . A ce ty len e  ad so rb ed  in  th e  se co n d a ry  reg ion , 
w hich is  an  o v e rla y e r  to  th e  p rim ary  ad so rb ed  sp ec ies , w as th o u g h t to  
be h y d ro g en a ted  th ro u g h  a  h yd rogen  tr a n s f e r  m echanism , in  w hich 
a c t iv a t io n  o f m olecu lar hydrogen  occurs  by  re a c tio n  w ith  a  d is so c ia tiv e ly  
ad so rb ed  C2H* (x<2) p rim ary  sp ec ie s , follow ed by a hydrogen  tr a n s f e r  
be tw een  th e  re s u lt in g  "h y d ro g e n -ric h "  p rim ary  sp ec ie s  an d  seco n d ary  
ad so rb ed  a ce ty le n e .
S ince more re c e n t s tu d ie s  w ith  iso to p ic  tr a c e rs  show th a t  
in d e p e n d e n t s i te s  for a c e ty le n e  and  e th y le n e  ad so rp tio n  e x is t ,  Bond's 
in te rp r e ta t io n  o f s e le c t iv i ty  in  te rm s o f therm odynam ic and  m ech an is tic  
fa c to rs  is  now considered  to  b e  In a d e q u a te . In o rd er to  fu lly  u n d e rs ta n d  
th e  fa c to rs  w hich in flu en ce  th e  s e le c tiv i ty ,  in fo rm ation  on th e  r e la t iv e  
am oun ts o f a c e ty le n e  and  e th y le n e  ad so rbed  on In d ep en d e n t s i te s  and  
th e  r e la t iv e  am ounts o f d if fe re n t form s o f  ad so rbed  in te rm e d ia te s  w hich 
can  on ly  lead  to  th e  fo rm ation  o f  th e  e th a n e  a re  n e c e ssa ry  (Webb, 1978).
O th er s tu d ie s  h a v e  led  to  a  d if fe re n t view  of Pd a c t iv i ty  fo r th e  
h y d ro g en a tio n  o f tr a c e  a c e ty le n e  in  e th y le n e . The in tr in s ic  s e le c t iv i ty  of 
Pd h a s  b een  s tu d ie d  u s in g  14C -la b e le d  e th y le n e  and  d eu te riu m  in  th e  
h y d ro g en a tio n  o f u rilabeled  a c e ty le n e  o v e r a  Pd b lack  c a ta ly s t  (Guczi e t  
a l .,  1979; M arg itfa lv i e t  a l., 1980,1981) an d  no e th y le n e  h y d ro g en a tio n  
cou ld  be d e te c te d  above a  c r i t ic a l  a c e ty le n e  p re ssu re , w hich su g g es ts  
t h a t  th e re  a re  no in d e p e n d e n t s i te s  on th e  m eta l fo r e th y le n e  
h y d ro g en a tio n . T h ree  ty p e s  o f  ad so rb ed  a c e ty le n e  sp ec ie s  lead in g  to  
d if fe re n t re a c tio n  p ro d u c ts  on Pd w ere suggested :
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( 1 ) an  a s so c ia tiv e  form, w hich is  th e  p recu rso r  o f e th y le n e ;
HC=CH +  2 H* ------------- > HzC=CH2
I I I
* •  »
(2 )  a  d is so c ia tiv e  form , C2Hx (x<2), w hich form s polym eric spec ies;
•C*CH +  HC=CH ----------- > -C=CHCH=CH
I I I I
a •  a a
(3) a re a c tiv e  form  t h a t  p roduces e th y lid y n e  («C-CH 3 ) and  
is  re sp o n sib le  fo r  d ire c t e th a n e  form ation.
CHs
I
C +  3 H-  > H3C-CH3
/ | \  
a a a
E xperim en ta l co n d itio n s  in flu e n c e  th e  r e la t iv e  c o n c e n tra tio n s  o f th e se  
su rfa c e  spec ies and  a l t e r  th e  ro u te s  of th e  su rfa c e  re a c tio n , lead in g  to  
d if fe re n t p ro d u c ts  from  a c e ty le n e .
When Pd is  su p p o rte d  on AI2O3, a s e p a ra te  s i te  on th e  su p p o rt for 
e th y le n e  h y d ro g en a tio n  h a s  b een  su g g es ted  (Weiss e t  a l., 1984; S arkany  
e t  a l., 1984; L ev iness e t  a l., 1984; Moses e t  a l., 1984). T h is  s i te  may be 
on ly  o p e ra tiv e  fo r aged  c a ta ly s ts  w hich are  covered  w ith  su rfa c e  
polym er. A p a ra lle lism  b e tw een  th e  e x te n t  of e th y le n e  h y d ro g en a tio n  and  
th e  am ount of su rfa c e  polym er h as  been  observed , w hich le a d s  to  th e  
p o s tu la te  th a t  e th y le n e  ad so rb ed  on th e  su p p o rt re a c ts  w ith  hydrogen  
tra n s fe r re d  from th e  m e ta l th ro u g h  th e  su rfa c e  polym er.
Two p a ra lle l p ro cesse s  w ere considered  to  p lay  im p o rtan t ro les  in  
th e  f in a l s e le c t iv i ty  o f th e  p ro cess  accord ing  to  m odels w hich in v o lv e  
su p p o rt s ite s ;
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(1) Pd s i te s ,  w hich a re  covered  e x c lu s iv e ly  by ace ty len e  u n d e r  th e  
co n d itio n s  no rm ally  app lied  in  in d u s try , h y d ro g en a te  a c e ty le n e  in  
9 4 -  96 % y ie ld s  to  e th y le n e  and  4 -  6  % to  e th a n e .
(2) The su p p o rt, w hich is  covered  w ith  e th y len e , h y d ro g en a te s  
e th y le n e  to  form e th a n e , th e re b y  d e c re a s in g  th e  overa ll s e le c t iv i ty  
o f th e  Pd c a ta ly s t .
G lobally, th e re  a p p e a rs  to  be  ag reem en t on th e  e x is te n c e  o f  
in d e p e n d e n t s i te s  fo r  e th y le n e  h y d ro g en a tio n  on Pd/A h03 b u t conclu sions  
on th e  n a tu re  o f  th e s e  s i te s  a re  q u ite  d if fe re n t. D ifferen t fa c e s  o f Pd 
c ry s ta l l i te s ,  o v e r la y e rs  on th e  prim ary  ad so rb ed  species, an d  su p p o rt 
s i te s  on th e  aged  c a ta ly s t  h av e  a ll been  p o s tu la te d  as se p a ra te , a c tiv e  
s ite s .  H ydrocarbon o v e rla y e rs  on th e  p rim ary  adsorbed  sp ec ie s  a re  
p a r t ic u la r ly  c o n tro v e rs ia l s in ce  i t  con sid ers  th e  m e ta l s tru c tu re  to  be o f 
on ly  seco n d a ry  im portance , which c o n tra d ic ts  th e  tra d itio n a l concep t o f 
m e ta l-c a ta ly z e d  h y d ro g en a tio n . Z aera and  Som orjai (1984) p roposed  a  
s im ila r m echanism  fo r e th y le n e  h y d ro g en a tio n  w here e th y len e  ad so rbed  in  
th e  second  la y e r  is  h y d ro g en a ted  w ith  h yd rogen  tra n s fe rre d  th ro u g h  
e th y lid e n e  sp ec ie s , b u t e th y lid y n e , w hich is  th e  p recu rso r to  e th y lid e n e , 
w as th o u g h t to  be a  s p e c ta to r  sp ec ies  in  th e  h y d rogenation  o f e th y le n e  
on Pd/Al203 (Beebe e t  a l.,1986 ). H a tto ri e t  a l. (1979) a lso  s tu d ie d  
e th y le n e  h y d ro g en a tio n  o v er P t c a ta ly s ts  w ith  p u lse  experim en ts  b u t  
found t h a t  e th y le n e  adso rbed  on P t re a c ts  s e q u e n tia lly  w ith tw o H -P t 
s i te s  to  deso rb  a s  th e  allcane. In  S a rk an l e t  a l . 's  th e o ry  (1984) 
conce rn ing  e th y le n e  h y d ro g en a tio n  s i te s  w hich e x is t  on th e  su p p o rt, 
n e i th e r  a  hydrogen  pool on th e  su rface  polym er n o r a su p p o rt s i te  h a s
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been  p ro v en  experim en ta lly . T hese  in c o n s is te n c ie s  and  u n c e r ta in tie s , 
su g g es t t h a t  a  more tho rough  s tu d y  of re a c tio n  p a th w a y s  and  s e le c tiv i ty  
phenom ena is  w arran ted .
2.3 Oligomerization of Acetylene
A nother im p o rtan t fa c to r  w hich a f fe c ts  th e  s e le c t iv i ty  o f a c e ty le n e  
rem oval p ro cesses  is  c a ta ly s t  ag ing , w hich is  cau sed  by  accum ula tion  of 
oligom ers (C«, Ce... a lip h a tic  h y d rocarbons) on  th e  c a ta ly s t .  Oligomers a re  
be liev ed  to  be produced p rim arily  from th e  a c e ty le n e  com ponent of th e  
raw  e th y le n e  s tream  (McGown e t  a l., 1978). In  la b o ra to ry  in v e s tig a tio n s , 
S arkany  (1984) rep o rted  th a t  th e  in t r in s ic  s e le c t iv i ty  o f a c e ty le n e  d u ring  
th e  s e le c tiv e  hydrogenation  of tra c e  a c e ty le n e  in  e th y le n e  as:
fo r a  re a c tio n  m ix ture  c o n s is tin g  o f 0.3% C2H2, 0.44% fo, and  b a lan ce  
C2H4 o v er an  in d u s tr ia l  Pd/'alum ina c a ta ly s t .  A ccord ingly , a c e ty le n e  t h a t  
could  h a v e  been  recovered  a s  e th y le n e  is  consum ed in  th e  
o ligom erization . In ad d itio n , c a ta ly s t  ag ing  g ra d u a lly  d ec re ase s  th e  
s e le c tiv i ty  to  e th y len e . L ev iness e t  a l. (1984) an d  S a rk an y  e t a l. (1984) 
su g g es ted  th a t  su p p o rt s ite s  become o p e ra tiv e  fo r e th y le n e  h y d ro g en a tio n  
w ith  ag ing  so th a t  ex te n s iv e  h y d ro g en a tio n  ta k e s  p la ce  and  r e s u l t s  in  
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Pew s tu d ie s  h a v e  b een  d ire c te d  a t  th e  m echanism  o f th e  
o ligom erization  o f a c e ty le n e . S h erid an  (1946) s tu d ie d  o ligom erization  
du ring  a c e ty le n e  h y d ro g e n a tio n  o v e r pumice su p p o rted  m e ta ls  and  
proposed  a  re a c tio n  m echanism . The re a c tio n  was th o u g h t to  be in i t ia te d  
by  fo rm ation  o f a  v in y l ra d ic a l th ro u g h  h y d ro g en a tio n  o f a s s o c ia t iv e ly  
ad so rb ed  a c e ty le n e . T h is v in y l ra d ic a l is  lsom erized to  a  free  ra d ic a l 
w hich r e a c ts  fu r th e r  w ith  a s s o c ia t iv e ly  adso rbed  a c e ty le n e  in  a  ch a in  
re a c tio n  to  form oligom ers. T he p re sen ce  of hydrogen  was th o u g h t to  be 
e s s e n tia l  s in ce  th e re  w as no a p p re c ia b le  po lym eriza tion  in  th e  a b se n c e  of 
hydrogen . As Webb (1978) p o in te d  o u t, an  adso rbed  sp ec ie s  m ay n o t be 
ab le  to  e x is t  as  a free  ra d ic a l on a  m e ta l su rface  b u t  th e  fre e  ra d ic a l 
m ay be en v isag ed  a s  a  t r a n s i t io n  s t a t e  in  th e  fo rm ation  of ad so rb ed  
v in y l from a ce ty le n e .
H +  HC=CH ----------- ^CH=CH2  > CH-CHz
I I II I *
•CH-CHz + HC=CH ----------->.CH-CHCH-CH2
I I  M  1 1 1 '
Bond e t  al. (1965) a n a ly z e d  th e  fra c tio n  from a c e ty le n e  
h y d ro g en a tio n , and  found i t  to  c o n s is t o f 1 -b u te n e ,  1 ,3-b u ta d ie n e ,  
t r a n s - 2 - b u te n e ,  c i s - 2 - b u te n e ,  and  n -b u ta n e .  They a lso  show ed th a t  th e  
isom eric d is tr ib u tio n  o f th e  b u te n e s  o b ta in ed  from th e  h y d ro g en a tio n  of 
1 ,3 -b u ta d ie n e  on Pd ag reed  fa v o ra b ly  w ith  th e  d is tr ib u tio n  from 
a c e ty le n e  h y d ro g en a tio n  in d ic a tin g  t h a t  1 ,3-b u ta d ie n e  is  th e  in te rm e d ia te  
du ring  a c e ty le n e  o ligom erization . Based on th e  s te reo ch em ica l d is tr ib u tio n
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o f th e  2 - b u te n e  p ro d u c ts , th e y  fu r th e r  su g g es ted  th a t  th e  m ost favored  
s te r ic  a r ra n g e m e n t fo r th e  a c e ty le n e  m olecule on Pd is  a  form o f 
s ta g g e re d  pack in g .
L a te r  s tu d ie s  by o th e r  w orkers w ere focused  on oligom erization 
d u ring  th e  s e le c tiv e  h y d ro g e n a tio n  o f tr a c e  a c e ty le n e  in  e th y le n e  over 
P d /r -a lu m in a . McGown e t  a l. (1977) re p o rte d  t h a t  th e  r a te  of C« 
p ro d u c tio n  was second  o rd e r  in  a c e ty le n e  p re ssu re , w hich confirm s th a t  
a c e ty le n e  m olecules ad so rb ed  on tw o a d ja c e n t s i te s  a re  req u ire d  fo r C< 
p ro d u c tio n . T hey  a lso  found th a t  more 1 ,3-b u ta d ie n e  was formed a t  
h ig h e r p re s s u re s  o f a c e ty le n e , an d  'g reen  o il', liq u id  p ro d u c t w hich is  
o b ta in ed  in  sm all y ie ld s , w as found to  c o n s is t o f s a tu r a te d  ch a in s  of up 
to  22 ca rb o n  a tom s. S a rk an y  (1984) re p o rte d  t h a t  th e  com position of th e  
v o la tile  f ra c t io n  o f oligom er p ro d u c t w as 8 6 % C«, 12% C$, a n d  2% C8. 
M arg itfa lv i (1980) show ed th a t  e th y le n e , w hich e x is ts  in  la rg e  a excess 
in  th e  in d u s tr ia l  p ro cess , d ec re a se d  oligom er fo rm ation .
M arg itfa lv i e t  a l. (1981) p roposed  t h a t  oligom ers a re  form ed from 
d is s o c ia tiv e ly  ad so rb ed  a c e ty le n e  r a th e r  th a n  th e  a s s o c ia t iv e ly  adsorbed 
form. In  a n  iso to p ic  t r a c e r  s tu d y  th e y  found th a t  th e  d isso c ia tiv e ly
ad so rbed  sp ec ie s , C2 HX (x<2), a re  form ed on th e  b a re  Pd su rfa c e  during
th e  in i t ia l  s ta g e  of a c e ty le n e  h y d ro g en a tio n  and  th e y  o b serv ed  a  high D 
c o n te n t in  C« p ro d u c ts , w hich led  to  th e  p o s tu la te  t h a t  th e  C2 HX species 
is  th e  p re c u rso r  to  oligom ers.
Trimm (1980) su g g es ted  th a t  o ligom erization  of a c e ty le n e  ta k e s  place 
on b o th  th e  su p p o rt an d  Pd b u t th e  am ount o f o ligom eriza tion  on th e
su p p o rt a p p e a re d  to  be sm all com pared to  o ligom erization  on Pd.
A ccording to  S a rk a n y 's  s tu d y  (1984), oligom er fo rm ation  on th e  support
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does n o t  s ig n if ic a n tly  a f fe c t th e  o v e ra ll  s e le c t iv i ty  b u t accum ula tion  o f 
su rfa c e  polym er an d  su b se q u e n t ag in g  o f th e  c a ta ly s t  d epends on 
o ligom erization  on th e  su p p o rt so t h a t  P d /a-A l203  (low su rfa c e  a re a )  
p roduced  le ss  polym er th a n  Pd/l*-A l2 C>3 (h igh  su rface  a rea ). In case  o f 
P d /ze o lite  c a ta ly s ts  (K ran ich .1985), th e  a c id ity  of th e  su p p o rt w as found  
to  s ig n if ic a n tly  a f fe c t th e  s e le c t iv i ty .  O ver P d /s ilic a lite  w hose ac id ic  
s i te s  g en e ra ted  d u rin g  re d u c tio n  w as n o t  n e u tra liz e d  by sodium  
h yd ro x id e , th e  ra te  o f oligom er p ro d u c tio n  w as more th a n  2 0  tim es th e  
r a te  o f  ace ty le n e  re a c tio n  ( a t  low h y d ro g en  p re s su re ) , in d ica tin g  th a t  th e  
c h ie f  re a c tio n  was e th y le n e  d im eriza tlo n  in  th e  feed  gas on ac id ic  s ite s .
2 .4  E ffe c t o f C arbon Monoxide
A feed  s tream  a d d itiv e  w hich  in c re a s e s  c a ta ly s t  s e le c tiv i ty  fo r  
a c e ty le n e  h y d rogenation  is  carbon  m onoxide and  th e  in te ra c tio n  o f CO 
w ith  th e  Pd c a ta ly s t  h a s  been  th e  su b je c t o f  m any s tu d ie s . F ir s t ,  th e  
s tu d ie s  on th e  in te ra c tio n  of CO w ith  a c e ty le n e  and  e th y le n e  on th e  
c a ta ly s t  w ill be rev iew ed  follow ed b y  th e  e ffe c t o f CO on s e le c t iv i ty  
d u rin g  hyd rogenation .
C arbon monoxide s tro n g ly  a d so rb s  on m e ta l s i te s  so t h a t  i t  m ay 
block acc ess  to  or d isp la ce  ad so rb ed  m olecu les. A l-A m m ar e t  a l. (1978a) 
found  in  a MC tr a c e r  s tu d y  th a t  CO a d so rp tio n  on Pd/Si0 2  is  w eak er th a n  
a c e ty le n e  ad so rp tio n . When CO w as ad so rb ed  in  th e  p re se n c e  o f 
a c e ty l’en e , CO could occupy only  7% o f  th e  to ta l  su rface , w hich is  a b o u t 
th e  su rfa c e  a re a  p re d ic te d  to  be g eo m etric a lly  av a ila b le  a f te r  random  
a c e ty le n e  adso rp tion  w hich re q u ire s  d u a l, a d ja c e n t s ite s . On th e  o th e r
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hand, p read so rb ed  CO w as d isp laced  by a c e ty le n e  to  37.6% coverage . 
A cety lene and  e th y le n e  w ere th o u g h t to  ad so rb  in  a  p rim ary  la y e r  an d  a  
secondary  o v e rla y e r  and  CO w as found  to  on ly  a ffe c t p rim ary  a d so rp tio n .
The su rfa c e  an d  g a s - p h a s e  sp ec ies  re su lt in g  from th e  in te ra c t io n  o f 
CO w ith a c e ty le n e  o r e th y le n e  on R h /s ilica  w as s tu d ie d  by  Reid e t  a l. 
(1973b, 1973d) u s in g  a  th e rm a l d eso rp tio n  te c h n iq u e  w ith  m ass
sp ec trom etry  d e te c tio n . When a c e ty le n e  w as ad so rbed  on a  CO p reco v e red  
su rface , a c e ty le n e  w as re c o v e re d  as  th e  d eso rp tio n  p roduct, in d ic a tin g  
th a t  s e lf -h y d ro g e n a tio n  o f  a c e ty le n e  to  e th y le n e  or e th a n e  w as 
p rev en ted  by CO. In  th e  case  o f e th y le n e , CO a lso  su p p re sse d  
se lf-h y d ro g e n a tio n  an d  c rac k in g  to  m e th an e . Reid e t  al. (1973b, 1973d) 
p o s tu la te d  th a t  CO e i th e r  po isons se lf -h y d ro g e n a tio n  s i te s  o r b locks 
s ite s  w hich acc e p t h y d ro g en  form ed v ia  d is so c ia tiv e  a d so rp tio n  of 
ace ty len e .
In a  s tu d y  on th e  h y d ro g e n a tio n  o f a c e ty le n e  in  ex cess  e th y le n e  by 
McGown e t  a l. (1977, 1978), a  s tro n g  re ta rd in g  e ffe c t of CO on th e  r a te  
of e th y le n e  h y d ro g e n a tio n  w as o b se rv ed  w hich re s u lte d  in  a  g lobal 
enhancem ent in  th e  e th y le n e  s e le c tiv ity . The s e le c tiv i ty  en h an cem en t 
was a t t r ib u te d  to  th e  a d so rp tio n  o f carbon  m onoxide in  p re fe re n c e  to  
e th y len e  on Y s i te s  o f  Pd o r to  a  red u c tio n  in  th e  am ount o f e th y le n e  
which te n d s  to  a ,a - a d s o r b .
On th e  o th e r  h an d , A l-A m m ar e t  a l. (1978a, 1979) found  th a t  CO 
p re v e n ts  th e  d is so c ia tiv e  (p rim ary ) a d so rp tio n  o f hydrocarbon , b u t  does 
n o t a ffe c t th e  seco n d a ry  a d so rp tio n  w hich th e y  co n sid er to  be re le v a n t  
to  hyd rogenation . So b lo ck ag e  o f th e  hydrogen  ad so rp tio n  from th e  gas 
phase  was co n sid ered  to  be  re sp o n s ib le  fo r th e  s e le c tiv i ty  in c re a se .
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Weiss e t  a l. (1984) a n d  L ev in ess  e t  a l. (1984) s tu d ie d  CO e f fe c ts  on 
e th y le n e  s e le c t iv i ty  from th e  re a c tio n  o f in d u s tr ia l  raw  e th y le n e  s tream s. 
T hey  su g g es ted  th a t  CO d isp la c e s  hydrogen  from sing le , g eo m etrica lly  
iso la te d  s i te s  w hich a re  le f t  unoccup ied  a f te r  random  a c e ty le n e  
a d so rp tio n  on a d ja c e n t s i te s .  H ydrogen sp illo v e r from th e  m e ta l to  th e  
su p p o rt is  red u ced  and  e th y le n e  h y d ro g en a tio n  on th e  su p p o rt is  th e re b y  
su p p resse d . A d ire c t CO e ffe c t on th e  a d so rp tio n  o f e th y le n e  was 
p rec lu d ed  s in ce , accord ing  to  th e i r  m echanism , th e  p rim ary  s i te s  fo r 
e th y le n e  h y d ro g en a tio n  w ere on th e  su p p o rt w here CO can  n o t ad so rb .
T he e ffe c t o f CO on oligom er fo rm ation  was in v e s t ig a te d  by Weiss e t  
a l. (1984) and  L ev iness e t  a l . (1984). In a  s t e a d y - s t a t e  re a c tio n , 
o ligom er p roduction  w as found to  go th ro u g h  a  maximum a s  th e  CO 
c o n c e n tra tio n  w as in c re ased . T he in c re a se  in  oligom er y ie ld  a t  low CO 
p re s su re  w as th o u g h t to  be due to  a  d ec re ase  in  su rfa c e  h yd rogen  w hile 
a t  h ig h e r CO p re s su re s  th e  a d so rp tio n  o f ace ty le n e  on a d ja c e n t s i te s  is 
h in d e re d  w hich re s u lts  in  a  d ec re a se  in  oligom er p ro d u c tio n  (S ark an y  e t  
a l.,1 9 8 4 ). L ev iness e t  a l. (1984) a lso  p o s tu la te d  th a t  CO b locks 
d is s o c ia tiv e  a d so rp tio n  o f a c e ty le n e  w hich re s u lts  in  a  d ec re ase  oligom er 
fo rm ation .
From th is  d iscu ss io n , we conclude  th a t  th e  m echanism  o f th e  e ffe c t 
o f CO on a c e ty le n e  h y d ro g en a tio n  is  n o t w ell e s ta b lish e d . D isagreem ent 
p rim arily  r e s u l t s  from d iffe re n ces  in  op in ions concern ing  a c tiv e  s i te s  on 
Pd/A h03 c a ta ly s t .
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2.5 Effect of Alkali Metal Promoters
T he e ffe c t o f a lk a li m e ta l p rom otors on th e  a c t iv i ty  a n d  s e le c tiv i ty  
o f  Pd c a ta ly s ts  h a s  n o t b een  s tu d ie d  w ith  re s p e c t to  th e  s e le c tiv e  
h y d ro g en a tio n  o f a c e ty le n e . However, s e v e ra l re p o r ts  co nce rn ing  o th e r  
re a c tio n s  e x is t  and  r e s u l t s  from  th e se  s tu d ie s  m igh t b e  app lied  to  
a c e ty le n e  hyd ro g en a tio n .
P o tassium , an  a lk a li m e ta l, h a s  been  u sed  a s  a  p rom otor to  im prove 
th e  a c t iv i ty  o f iron  and  ru th e n iu m  b ased  c a ta ly s ts  fo r am m onia s y n th e s is  
(A ika e t  a l .,  1972, 1973). P o tass iu m  is  know n to  In c rea se  th e  s e le c tiv i ty  
tow ard  h igh  m olecu lar w eigh t h y d rocarbons and  o le fin ic  com pounds from 
th e  h y d ro g en a tio n  o f carbon  m onoxide (A nderson , 1956). E ffe c ts  o f  a lk a li 
m e ta ls  upon m eta llic  c a ta ly s ts  a re  f re q u e n tly  a t t r ib u te d  to  e lec tro n ic  
f a c to r  (M ross, 1983).
A lkali m e ta ls  a c t  a s  s tro n g  b ase s  a n d  t r a n s f e r  e le c tro n s  to  th e  
a c t iv e  m e ta llic  com ponent. A d d itio n a l e le c tro n  d e n s ity  on th e  tra n s i t io n  
m e ta l s u rfa c e  would th u s  In c re a se  th e  bond s tre n g th  o f e le c tro n  acc ep to r 
a d so rb a te s , su ch  as  CO or N2 , w hile d ecreasin g  th e  th e  bond s tr e n g th  of 
e le c tro n  donor a d so rb a te s  lik e  NH3 or H2. T his ro le  o f  e le c tro n  d o n a tin g  
o r w ithd raw ing  a g e n ts  in  m odifying th e  chem isorp tion  p ro p e r tie s  of 
t r a n s i t io n  m e ta ls  is  ca lled  a  'lig an d  e ffe c t '.  Exam ples o f  th i s  e ffe c t 
follow s. As a  r e s u l t  o f a lk a li  m e ta l ad d itio n , th e  h e a t  o f a d so rp tio n  of 
CO in c re a se  by as  much a s  100%, w hile th e  h e a t  o f a d so rp tio n  o f H2  fa lls  
o n ly  s lig h tly  (Dry e t  a l., 1969). Due to  th e  s tro n g e r  CO chem iso rp tion , 
fo rm atio n  o f th e  p rim ary  com plex from CO a d so rp tio n  in c re a s e s  d u ring  CO 
h y d ro g en a tio n . C onsequen tly , c h a in  grow th  is  a c c e le ra te d  so  t h a t  th e  
p ro d u c t s h if ts  tow ard  h e a v ie r  h y d ro carb o n s. With re s p e c t  to  ammonia
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sy n th e s is ,  doping th e  c a ta ly s t  w ith  p o tass iu m  a c c e le ra te s  th e  d is so c ia tiv e  
a d so rp tio n  o f N2 by  2 - 3  o rd e rs  o f m agn itude (N ie lsen , 1981) re s u lt in g  in  
an  in c re a se  in  th e  a c t iv i ty  o f c a ta ly s t ,  w hile d e so rp tio n  o f NH3 is  e a s ie r  
(F ran k en b u rg , 1955) w hich a lso  en h an ces  th e  a c t iv i ty  o f th e  c a ta ly s t .
S im ilar s tu d ie s  on th e  h y d ro g en a tio n  o f b e n z e n e  o v e r Ni/SiOz h av e  
been  re p o rte d  by  P ra lia u d  e t  a l. (1980). With K ad d itio n , th e  r a te  o f 
b enzen e  h y d ro g e n a tio n  d ec re a se d  by a  fa c to r  o f 3.6 w hile  th e  s e le c tiv i ty  
to  cy c lo h ex en e , th e  p a r t ia l ly  h y d ro g en a ted  p ro d u c t, in c re ased . T hese
ch an g es in  c a ta ly t ic  p ro p e r tie s  w ere asc rib e d  to  an  e le c tro n ic  in te ra c tio n  
be tw een  K and  Ni a tom s.
In  a d d itio n  to  ch an g e s  in  th e  s tre n g th  o f ad so rp tio n , th e  mode of 
a d so rp tio n  m ay a lso  ch an g e  w ith  a lk a li a d d itio n . In  S h ig eh a ra  e t  a l . 's  
s tu d y  on e th y le n e  h y d ro g e n a tio n  o v er Ni (1973), b o th  s e lf -h y d ro g e n a tio n  
o f e th y le n e  an d  c a ta ly s t  d e a c tiv a tio n  w as p re v e n te d  by K doping. 
S h ig eh a ra  e t  a l. p o s tu la te d  t h a t  Ni becam e r ic h e r  in  e le c tro n  d e n s ity  v ia  
e le c tro n  d o n a tio n  from  K re su lt in g  in  a lo ss  in  i t s  a b i l i ty  to  d isso c ia te  
e th y le n e .
In a  s tu d y  on a c e ty le n e  co nvers ion  to  b en ze n e  o v er Pd s ing le
c ry s ta ls  (R ucker e t  a l .,  1986), e lec tro n  d o n a tin g  a d d itiv e s  inc lud ing  
p o ta ss iu m  w ere fo u n d  to  red u ce  th e  am ount o f  su rfa c e  ca rb o n  (e ith e r  
g ra p h ite  o r polym er) t h a t  accu m u la tes  du ring  th e  re a c tio n  and  to  th e re b y  
en h an ce  th e  r a te  o f b en zen e  fo rm ation .
O th e r  e f fe c ts  o f  a lk a li  a d d itio n  inc ludes rem ova l o f ac id  s i te s  and
g e n e ra tio n  o f  b a s ic  c e n te rs , w hich y ie ld s  c h a n g e s  in  th e  chem ical
p ro p e r tie s  o f su p p o rt. F igoli an d  L 'a rgen iere  (1989) s tu d ie d  th e  e ffe c t of 
sodium  a d d it iv e  to  Pd/AhOa fo r th e  se le c tiv e  h y d ro g en a tio n  o f s ty re n e
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and  found ch an g e s  in  th e  s e le c tiv i ty  to  e th y lb e n z e n e  an d  th e  re s is ta n c e  
to  s u lfu r  po ison ing . Sodium w as found to  rem ove th e  ac id  s i te s  of 
a lum ina and  to  a f fe c t th e  m e ta l-su p p o r t in te ra c t io n  betw een  ac id  s i te s  
and  Pd, w hich w as th o u g h t to  y ie ld  su p p re sse d  po lym eriza tion  o f s ty re n e  
on ac id  s i te s  a n d  an  in c re ased  s u sc e p tib ili ty  to  s u lfu r  e ffec ts .
2 .6  T h eo ries  o f  th e  R esearch  T echniques
Two ex p erim en ta l m ethods used  in  th is  s tu d y , TPR a n d  K em ball's 
m ethod, a re  com plex and  w a rra n t rev iew  so th e  r e a d e r  m ay u n d e rs ta n d  
th e  a p p lic a b ility  to  ou r s tu d ie s .
2.6.1. Deuteration Experiments with Kemball's Steady State Treatment
D euterium  h a s  been u sed  e x te n s iv e ly  a s  an  iso to p ic  t r a c e r  in th e  
s tu d y  o f hyd ro carb o n  c a ta ly s is . The d e u te ra tio n  o f  a c e ty le n e  and 
e th y le n e  h a v e  o fte n  been  s tu d ie d  w ith K em ball's s te a d y  s t a t e  tre a tm e n t 
m ethod (1956), w hich y ie ld s  th e  p ro b a b ility  o f each  e lem en ta ry  s te p  in  
th e  h y d ro g en a tio n  re a c tio n  by a n a ly s is  o f th e  d eu te riu m  d is tr ib u tio n  in  
th e  p roduct. Bond e t  a l. (1964a, 1965b, 1966a,1966b, and  1968) u sed  th is  
m ethod to  e lu c id a te  th e  c a ta ly t ic  p ro p e r tie s  o f Group VIII m e ta ls  w ith  
re sp e c t to  a c e ty le n e  and  e th y le n e  h y d ro g en a tio n  and  to  e s ta b lis h
re a c tio n  m echanism s fo r each  c a ta ly s t .  Briggs e t  a l. (1980) a lso  used  th is
m ethod to  exam ine su p p o rt e ffec ts  on P t c a ta ly s ts .
When gas p h a se  hydrogen  is  rep laced  w ith  d eu te riu m  in  th e  reac tio n  
m ix tu re , p ro d u c ts  of th e  re a c tio n  will o b ta in  d eu te riu m  by two m ajor
ro u te s . F irs t ,  d ire c t  d e u te ra tio n  o f an  u n s a tu ra te d  h y d ro carb o n  re s u lts  in 
th e  p ro d u c t m olecule co n ta in in g  deu terium . A p a ra l le l  re a c tio n , how ever, 
is  H/D exch an g e  w hich com plicates th e  in te rp re ta t io n  o f deu terium
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d is tr ib u tio n  r e s u l t s .  N otice t h a t  H/D exchange  y ie ld s  su rfa c e  H w hich 
may th e n  h y d ro g e n a te  (a s  opposed to  d e u te ra te )  a  su rfa c e  hydrocarbon . 
However, by s e t t in g  up a  sy stem a tic  p ro ced u re  fo r  acco u n tin g  fo r bo th  
d e u te ra tio n  a n d  exchange , in fo rm ation  re g a rd in g  th e  re a c tio n  pa thw ays 
by  w hich ad so rb ed  h y d rocarbons undergo  m ay be  deduced . One p rocedure , 
o rig in a lly  d ev ised  by Kemball, is  a  s te a d y  s t a t e  tre a tm e n t m ethod b ased  
on th e  g en e ra l m echanism  fo r h y d ro g en a tio n .
For a c e ty le n e  h y d ro g en a tio n  (Bond, 1966b, 1968), th e  re a c tio n  schem e 
is  a s  follow s
+X +X
C2Xz(a)  ------- K ?2x 3 ( a ) ----------- ^C 2X4 (a) (X= H or D)
-X
w here a  h a lf -h y d ro g e n a te d  spec ies  (C2X3 (a )), know n to  be s ta b le  on th e  
su rface , is  assum ed  to  be th e  re a c tio n  in te rm e d ia te . If  we now consider 
p ro b a b ilit ie s  t h a t  H or D may be invo lved  in  th e  re a c tio n , we can w rite  
a  p ro b a b ilis tic  model w ith  th e  follow ing arg u m en ts . A ssum ing a ce ty le n e , 
C2 Xz(a), does n o t desorb , i t s  r e la t iv e  h y d ro g en a tio n  r a te  is  s e t  to  1. If q 
is  th e  p ro b a b ility  o f adso rbed  ace ty le n e  p ick ing  up  a  deu te riu m  atom  
(X=D) th e n  1 -q  is  th e  p ro b ab ility  of add ing  a  hyd ro g en  atom  (X=H). The 
in te rm e d ia te , C2 X3 (a ), e i th e r  re v e rs e s  to  C2X2 (a ) , p ro b a b ility  1 - p ,  or 
h y d ro g en a te s  to  C2X4 (a), p ro b ab ility  p. If  C2 X3 (a) is  h y d rogenated , s  is  
th e  p ro b a b ility  fo r  add ing  d eu terium  and  1 - s  th e  p ro b a b ility  o f add ing  
hydrogen . T hus:
+X
C2X2 ( a ) ---------> C2X3 (a) 1
C2X2 (a) +  H -------->C 2X2H(a) 1 -q
0 2 X2(8 ) +  D --------> C2XaD(a) q
-X
C2 X3 (a) ----------yC2X8 (a) 1 -p
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+ X
CsX3(a) ---------> C2X<(a) p
C2X3(a) +  H -------- ►CaXsHU) 1 - s
CzX3(a) +  D -------- ^  C2X3D(a) s
A ssum ing th e s e  p ro b a b ilit ie s  a re  in d e p en d en t o f iso to p ic  c o n te n t, th e  
th re e  iso to p ic  ad so rb ed  a c e ty le n e s  (CzX2 (a )), d en o ted  Ai -  A3 and  th e  s ix  
iso top ic  v in y l ra d ic a ls  (C3X3(a )) t Bi -  B6, a re  re la te d  by  a  se r ie s  o f 
sim u ltaneous e q u a tio n s  w hich a re  e s s e n tia l ly  H/D b a lan ces  fo r each  
adso rbed  spec ies  (Refer to  A ppendix A fo r  f u r th e r  d e ta ils ) .  N otice t h a t  
th e  su rfa c e  re a c tio n  th e o ry  d is tin g u ish e s  be tw een  th e  s te reo ch em ica l 
isom ers of each  d e u te ra te d  sp ec ies , b u t m ass sp ec tro m e try  is  on ly  ab le  to  
d e te c t species w hich d iffe r  in  AMU. T here fo re , a  co n d en sa tio n  of
eq u a tio n s  is  u sed  to  o b ta in  "mass sp ec tra lly "  in d e p e n d e n t sp ec ie s . The 
n ine  s im u ltan eo u s  e q u a tio n s  th u s  o b ta in ed  m ay be so lv ed  for v a lu es  of 
p,q a n d  s to  o b ta in  a  s a tis fa c to ry  f i t  be tw een  th e  c a lc u la te d  and
observed  d e u te ro e th y le n e  d is tr ib u tio n s . The r e la t iv e  am oun ts o f th e  
v a rio u s  su rface  sp e c ie s  a re  also  o b ta in ed  in  th is  c a lc u la tio n .
In  e th y len e  d e u te ra tio n , s im ila r re la tio n sh ip s  a re  e s ta b lis h e d  u s in g  
four p ro b a b ility  p a ra m e te rs  p, q, r , and  s (Kemball, 1956; Bond, 1964a).
+X +X
C2X4  vCgX4(a) ^ = ± C z X B (a )   aC2X6 (X= H or D)
-X
A h a lf-h y d ro g e n a te d  sp ec ie s  (CsXiKa)) is  assum ed  to  be th e  re a c tio n
in te rm ed ia te . C2X4(a), e i th e r  deso rbs, p ro b a b ility  1 /(1 +p), o r h y d ro ­
g en a te s  to  C2 Xs(a), p ro b a b ility  p /( l+ p ) .  If  q / ( l+ q )  is  th e  p ro b a b ility  of 
adso rbed  a c e ty le n e  p ick ing  up a  deu terium  atom  (X=D) th e n  1 /(1 +q) is  
th e  p ro b a b ility  o f  add in g  a hydrogen atom  (X=H). The in te rm e d ia te , 
C2Xo(a), e i th e r  re v e rs e s  to  0 2 X4 (3 ), p ro b a b ility  r / ( l + r ) ,  o r h y d ro g e n a te s  to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
C2Xe(a), p ro b a b ility  l / ( l + r ) .  I f  C2Xo(a) is  h y d ro g en a ted , s / ( l+ s )  i s  th e  
p ro b a b ility  fo r adding d eu te riu m  a n d  1 /(1 + s) th e  p ro b ab ility  o f  add ing  
hyd rogen . T hus:
C 2X i(a)--------- >>C2X4 l /U + p )  = l - p *
+X
CsX<(a.)---------->C 2Xa(a) p /( l+ p )  =p*
C2X4 <a) + H --------*C2X4H(a> l / ( l+ q )  =  l-q *
C2X4<a) + D -------- * C2 X4D(a) q /( l+ q )  =q*
-X
C2Xs(a)  ^C 2X4(a) r / ( l+ r )  =r*
+X
C2Xo(a)  ^C sX6(a) 1 /(1+r) =  l - r *
C2X0(a) + H ------- *  C2X3H(a) 1 /(1+s) = l - s *
C2Xs(a) + D ------- >-C2 XoD(a) s / ( l+ s )  =s*
Here, th e  p ro b ab ility  p a ram ete rs  p .q .r  a n d  s a re  red efin ed  as p*,q*,r* and  
s* to  f a c i l i t a te  th e  in te rp re ta t io n . T he s ix  iso to p ic  adsorbed e th y le n e s  
(C2X4(a)), den o ted  Ai -  A6 an d  th e  tw e lv e  iso to p ic  e th y l ra d ic a ls  
(C2 Xo(a))p Bi -  B12 , a re  re la te d  by a  s e r ie s  of s im u ltaneous e q u a tio n s  
(R efer to  A ppendix A fo r fu r th e r  d e ta i ls ) .  Upon co n densa tion  fo r m ass 
s p e c tra l  a n a ly s is , th e  18 s im u ltan e o u s  e q u a tio n s  th u s  o b ta in ed  m ay be 
so lv ed  fo r th e  p aram eters  (p ,q ,r an d  s) an d  th e  r e la t iv e  am ounts o f th e  
v a r io u s  su rfa c e  species in  th e  sam e p ro ced u re  as t h a t  u sed  in  a c e ty le n e  
d e u te ra t io n  experim ents.
A m odified procedure w hich in c o rp o ra te s  iso to p e  e ffe c ts  in  th e  
ru p tu re  o f  C-H and C-D bonds (Kem bail an d  Wells, 1968) h a s  been  
su g g es ted  b u t th e  im provem ent in  th e  ag reem en t betw een  c a lc u la te d  and  
o b se rv ed  d is tr ib u tio n s  w as n eg lig ib le . Due to  th e  e x tra  com plexity  w ith  
m arg in a l im provem ent in  accu racy , th i s  m odified m ethod was n o t ad o p ted  
in  th is  s tu d y .
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T he v a lu e s  o f p and  r  o b ta in ed  by  th i s  p rocedu re  g ive  In fo rm ation  
re g a rd in g  th e  r e la t iv e  r a te s  o f th e  su rfa c e  p ro cesses  inv o lv in g  
h y d ro carb o n  sp ec ie s  such  a s  h y d ro g en a tio n , r e v e rs a l ,  and  deso rp tio n ,
w hile  q an d  s  g iv e  in fo rm ation  on th e  n a tu re  of th e  hydrogen  donors
(hyd rogen  atom s re le a se d  by h y d ro g e n -r ic h  ra d ic a ls  o r d eu te riu m  atom s 
ad so rb ed  from th e  g as  p h ase). T he p ro b a b ility  o f e th y le n e  d eso rp tio n  
( l / ( l + p ) )  de te rm in ed  from th e  e th y le n e  d e u te ra tio n  d a ta  could be used  a s  
a n  in d e x  fo r e th y le n e  ad so rp tio n  s tr e n g th  a s  in  th e  Briggs' s tu d y  (1980).
2 .6 .2 . T em p era tu re  Programm ed R eac tion  (TPR)
The te c h n iq u e  o f te m p era tu re  program m ed d eso rp tio n  (TPD) h as  been  
u sed  w idely  fo r th e  in v e s tig a tio n  o f b in d in g  s ta te s  o f adso rbed  species 
and  re a c tio n  s i te s  on c a ta ly s ts  (F a lconer, 1983), b u t  i t  h a s  n o t been
su c c e ss fu lly  ap p lied  to  hydrocarbon  ad so rp tio n  on su p p o rted  m etal
c a ta ly s ts  b eca u se  adso rbed  h y d ro ca rb o n s  could n o t be com pletely  
reco v e re d  d u rin g  th e rm a l d eso rp tio n  due to  h e a v y  decom position and  
r e te n t io n  on th e  c a ta ly s t  (Rye and  H ansen , 1969; C a rte r  and  Rye, 1972; 
Komers e t  a l .,  1969; T such iya  and  N akam ura, 1977). R ecen tly , TPD w ith  a 
re a c tiv e  c a r r ie r  g as, term ed te m p e ra tu re  program m ed re a c tio n  (TPR), h as  
b een  developed . TPR h a s  been  su c c e s s fu lly  app lied  to  carbon  monoxide 
c a ta ly t ic  re a c tio n s  w here CO u ndergoes p a r t ia l  decom position in to  C and  
O d u rin g  TPD (Zagli e t  a l., 1979). S u rface  sp ec ie s  formed from CO 
a d so rp tio n  w ere reco v ered  a s  m e thane  an d  w a te r  from th e  su rfa c e  by u se  
o f a  h y d rogen  c a r r ie r  gas an d  s tu d ie s  on th e  b e h a v io r  of th e se  spec ies  
b ro u g h t a b o u t a  d eep e r u n d e rs ta n d in g  o f re a c tio n  m echanism  of CO 
h y d ro g en a tio n . TPR w as also  u se fu l in  s tu d y in g  th e  e f fe c t o f a lk a li-m e ta l
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prom otors on CO h y d ro g e n a tio n  (F a lco n er e t  al., 1985; M lura an d  
G onzales, 1982). S u rface  sp e c ie s  from hydrocarbon  ad so rp tio n  on 
suppo rted  m e ta l c a ta ly s ts  m igh t be s tu d ie d  sim ilarly .
TPR, a  m odified form  o f te m p e ra tu re  program m ed deso rp tio n  (TPD), is  
a  tr a n s ie n t  te ch n iq u e  w hich c o n s is ts  o f o b se rv in g  th e  p ro d u c ts  le a v in g  a  
c a ta ly s t  su rface  as  a  fu n c tio n  o f te m p e ra tu re  during  a  known h e a t in g  
schedule . In a  ty p ic a l TPD ex p erim en t, a  sm all am ount o f c a ta ly s t  is  
con ta in ed  in  a  re a c to r  t h a t  can  be h e a te d  by  a  fu rn ace . An in e r t  g as, 
u su a lly  helium , flows o v e r  th e  c a ta ly s t .  Follow ing c a ta ly s t  p re tre a tm e n t 
p rocedures, a  g as  is  ad so rb ed  on th e  su rfa c e , u su a lly  by p u lse  in je c tio n  
o f th e  ad so rb a te  In to  th e  c a r r ie r  g as  u p s tre a m  from th e  re a c to r . A fte r  
n o n -ad so rb ed  gas  is  f lu sh e d  o u t, th e  c a ta ly s t  is h e a te d  to  c re a te  a  
lin e a r  r ise  in  te m p e ra tu re  w ith  tim e. A therm ocouple s i tu a te d  n e a r  th e  
c a ta ly s t reco rd s  th e  te m p e ra tu re  an d  a  d e te c to r  dow nstream  d e te rm in e s  
th e  com position o f th e  e f f lu e n t g as. The d e te c to r  can  be o f a n y  ty p e  
such  as a  m ass sp e c tro m e te r  o r th e rm a l co n d u c tiv ity  ce ll. With a 
su ff ic ie n tly  h igh c a r r ie r  gas flow r a te ,  th e  d e te c to r  re sp o n se  is  
p ropo rtio n a l to  th e  r a te  o f  d e so rp tio n  i f  d iffu sion  and  re a d so rp tlo n  in  
th e  c a ta ly s t  bed a re  n o t s ig n if ic a n t. As th e  te m p era tu re  in c re a se s , th e  
deso rp tion  r a te  in c re a se s  th e n  goes th ro u g h  a  maximum and drops back  
to  zero as  th e  su rfa c e  is  d e p le te d  o f a d so rb a te . O ften , th e  d e so rp tio n  
spectrum  fe a tu re s  m ore th a n  one p eak  due  to  d if fe re n t s t r e n g th s  o f 
adso rp tion  on d if fe re n t c a ta ly t ic  s i te s .  T he  sh ap es  and  p o s itio n s  o f th e  
peak  maxima p rov ide  in fo rm a tio n  on th e  n a tu re  of th e  d eso rp tio n  p ro cess  
and  th e re fo re  in fe rs  th e  mode o f  ad so rp tio n .
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When th e  in e r t  c a r r ie r  gas is  rep laced  by  a  re a c t iv e  g as  o r when 
tw o re a c tiv e  g ase s  a re  coadsorbed , th e  te ch n iq u e  is  c a lle d  TPR. TPR h a s  
re c e n tly  been  rev iew ed  by F a lco n er (1983). T h is e x p e rim en t c o n ta in s  
d e ta ile d  in fo rm ation  on th e  re a c tio n  m echanism  in  a d d itio n  to  y ie ld ing  
k in e tic  d a ta . TPR h a s  se v e ra l ad v an tag es  ov er s te a d y  s ta t e  k in e tic  
ex p erim en ts . Some o f them  re la te d  to  th is  s tu d y  a re  a s  fo llow s (ad ap ted  
from F alconer, 1983):
(1) Specific a c t iv i t ie s  ( ra te s  o f  reac tion ) a re  m e asu red  d ire c tly  fo r 
each  p ro d u c t. In d ep en d en t o f th e  su rface  a re a  m easu rem en t. Since 
se v e ra l s i te s  w ith  d if fe re n t a c t iv i t ie s  can  be p re s e n t  on a  c a ta ly s t ,  
bo th  th e  sp ec ific  a c t iv i t ie s  o f th e  s ite s  a n d  th e i r  num ber can  
change w ith  a  change in  c a ta ly s t  p ro p erties . TPR can  d e te c t  th e se  
changes from th e  peak  te m p era tu re  and peak  a re a  w h ile  s te a d y  s ta te  
ex p erim en ts  on ly  m easure  th e  sum of th e  p ro d u c ts  o f specific  
a c t iv i t ie s  tim es th e  num ber of s i te s  w ith th a t  a c t iv i ty .
(2) B inding s ta t e s  of adso rbed  re a c ta n ts  t h a t  a re  in v o lv ed  in  th e  
re a c tio n  m ay be m easured . More w eakly bound sp ec ie s  w ill desorb  a t 
a  low er te m p e ra tu re  th a n  more s trong ly  bound ones. A nalogously , th e  
r e la t iv e  r e a c tiv i ty  o f a  su rfa c e  species can  be d e te rm in e d  s in ce  more 
re a c tiv e  sp ec ies  w ill r e a c t and  desorb from th e  su rfa c e  a t  a  low er 
te m p e ra tu re  th a n  le ss  re a c tiv e  ones.
(3) S u rface  coverage  o f r e a c ta n ts  and th e  su rfa c e  com position of 
ad so rb ed  sp ec ie s  a t  th e  tim e o f form ation a re  d e te rm in ed  d irec tly .
With th e s e  a d v a n ta g e s , we can  d irec tly  exam ine th e  ad so rb ed  spec ies  
w hich p re v io u s ly  had  been  exam ined by in fe re n ce  from th e  d a ta  of
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s te a d y  s t a t e  re a c tio n s . F u rth e rm o re , i t  is  p o ssib le  to  observe th e  
changes in  r e la t iv e  p o p u la tio n  o f  ad so rb ed  sp ec ie s  w ith  changes in  
c a ta ly s t  p ro p e rtie s .
T h ere  a re  s e v e ra l ex p e rim en ta l d if f ic u ltie s  a s so c ia te d  w ith  TPR. F irs t 
th e  TPR sp e c tra  ca n  be a f fe c te d  by  fa c to rs  su ch  a s  read so rp tio n  of 
p ro d u c t g ases , d iffu s io n a l lim ita tio n s , co n c e n tra tio n  g ra d ie n ts  in s ide  th e  
p e lle t an d  re sp o n se  lag  tim e. If  th e  deso rbed  p ro d u c t read so rb s  on th e  
c a ta ly s t  befo re  i t  is  sw ept f re e  o f th e  bed by th e  c a r r ie r  gas stream , th e  
r e s u l ta n t  sp e c tra  fo r th a t  p ro d u c t w ill s h if t  to  h ig h e r te m p era tu res . This 
would o b scu re  th e  k in e tic  p a ra m e te rs  c a lc u la te d  from TPR sp ec tra . 
A no ther problem  is  th a t  th e  ex p e rim en ta l co n d itio n s  fo r TPR may no t 
co rrespond  to  th e  re a c tio n  c o n d itio n s . In  TPR o f C2H2 , th e  gas phase 
c o n c e n tra tio n  o f C2 H2  is  ex trem ely  low w hile th e re  i s  ex cess  H2 in  th e  
c a rr ie r  g a s , w h e reas  th e  in d u s tr ia l  s e le c tiv e  h y d ro g en a tio n  p rocesses use 
ra tio s  o f  C2H2/H 2 o f ab o u t 1/1 . Care m u st be ta k e n  in  experim en ta l design 
and  in te rp re ta t io n  o f  TPR sp e c tra  due  to  th e s e  problem s.
P rev io u s  TPR s tu d ie s  o f CO h y d ro g en a tio n  show th a t  th e  ad v an tag es  
of TPR f a r  ou tw eigh  th e  d is a d v a n ta g e s  (F alconer, 1983), which suggests  
th a t  th e  a p p lic a tio n  o f TPR to  th e  s tu d y  o f C2H2  h y d ro g en a tio n  may be 
f ru itfu l. In th is  s tu d y , TPR c o n d itio n s  w ere optim ized to  minimize 
problem s re la tin g  to  th e  fa c to rs  d e sc rib ed  above an d  th e  Im portance of 
th e s e  f a c to r  h a v e  been  e v a lu a te d  accord ing  to  G o rte 's  c r i te r ia  (1982). 
The c a lc u la tio n  r e s u l t s  a re  g iven  in  A ppendix B an d  th e y  a re  d iscussed  
in  c h a p te r  5.
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2.7 Overview
As d iscu ssed  th u s  fa r , s e v e ra l p o in ts  o f  d isag ree m en t on th e  n a tu re  
o f c a ta ly t ic  s i te s  fo r th e  se le c tiv e  hyd ro g en a tio n  o f  a c e ty le n e  s t i l l  e x is t  
and , a s  a  r e s u l t ,  th e  in te ra c t io n  o f  carbon m onoxide w ith  th e s e  s i te s  is  
n o t c le a r ly  u n d ers to o d . Also, th e  e ffec ts  o f a lk a li p rom otors fo r th is  
re a c tio n  o v e r Pd/Alz03 h a v e  n o t been  s tu d ie d  befo re  an d  p o s itiv e  e ffe c ts  
o f a lk a li  m e ta ls  fo r o th e r  re a c tio n s  su g g es t t h a t  prom otors fo r th is  
re a c tio n  m ay be  im p o rtan t. A b e t te r  u n d e rs ta n d in g  of th e  e f fe c ts  of 
th e se  a d d i t iv e s  on th e  re a c tio n  s e le c tiv i ty  m ight be  ach iev ed  by a  
fu n d am e n ta l approach .
T h is  s tu d y  is  focused  on th e  e ffec t o f CO a d d itio n  to  th e  feed 
s tream  and  K ad d itio n  to  th e  c a ta ly s t  fo r th e  s e le c tiv e  h y d ro g en a tio n  of 
a c e ty le n e . T he s tu d y  h a s  led  u s  to  In v e s tig a te  a c e ty le n e  h y d ro g en a tio n  
p a r t ic u la r ly  v ia  TPR an d  K em ball's m ethod in  an  e f fo r t  to  d e te c t  changes 
in  th e  re a c tio n  m echanism  w hich re s u l t  from CO and  K ad d itio n . 
In te rp re ta t io n  o f th e se  ex p erim en ta l e ffo rts  h av e  a lso  b een  fa c i l i ta te d  by 
s tu d ie s  o f s im ila r phenom ena fo r e th y le n e  h y d ro g en a tio n .
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Ill EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS
3.1 Experimental
3.1.1 Apparatus
The prim ary a p p a ra tu s  fo r th i s  s tu d y , th o u g h  p h y s ic a lly  a  s ing le  
u n it ,  c an  be arranged  in  two b a s ic  co n fig u ra tio n s(F ig u re  3 -1 ) . One 
co n fig u ra tio n  is  a  b a tc h  re c irc u la t io n  re a c to r  fo r k in e tic  & d eu te ra tio n  
ex p erim en ts  and  th e  o th e r  fo r TPR. T he b a tc h  r e a c to r  sy stem  (690 ml) 
is  m ade of pyrex g la ss  w ith  a  U - tu b e  p y rex  r e a c to r  (F igure 3 -2 )  
c o n ta in in g  a  c a ta ly s t bed. T he r e a c to r  te m p e ra tu re  is  con tro lled  by an  
e le c tr ic  and  d ig ita l te m p e ra tu re  c o n tro lle r . R e a c ta n ts  w ere c ircu la ted  
th ro u g h  th e  c a ta ly s t  bed by  m eans o f a  m a g n e tic a lly  o p era ted  p is to n
pump w ith  check v a lv e  a rra n g e m e n t. T he e n t ir e  sy stem  could be
e v a c u a te d  by means o f  a  ro ta ry  m echan ica l pump. System  p ressu res  
w ere m onito red  w ith d ig ita l re a d o u t d iaphram  ty p e  p re s su re  gauges. A 
th r e e -w a y  stopcock a rran g em en t a llow ed  th e  re a c to r  to  be iso la ted  from 
th e  rem ain d er of th e  system  d u rin g  r e a c ta n t  m ixing and  reac tio n  
in i t ia t io n .
R eac to r sam pling w as accom plished  by e v a c u a tin g  a sam ple 
loop(1 .07cc) on a 6 p o rt ch rom atog raph ic  sam pling v a lv e  and  expanding 
th e  re a c tio n  products in to  th e  sam pling  loop. Sw itching  th e  sam pling 
v a lv e  d iv e r te d  the  sam ple in to  th e  a n a ly t ic a l  se c tio n .
In TPR configura tion , th e  U - tu b e  re a c to r  w as rep la ced  w ith coax ial 
q u a r tz  re a c to r  w ith a  14 mm OD ja c k e t  an d  9 mm OD in n e r  tube(F igure
3 -3 ) .  A q u a rtz  f r i t  a t  th e  bo ttom  of th e  in n e r  tu b e  supported  th e
c a ta ly s t  and  a  rem ovable therm ow ell (co ax ia lly  p laced  w ith in  th e  in n e r
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Figure 3 - 2 .  U tube Pyrex Reactor for steady state  
E x p e r i m e n t s .
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F ig u re  3 - 3 .  C o a x ia l  Q u a r t z  R e a c t o r  f o r  TPR E x p e r i m e n t s
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tu b e ) allow ed fo r  c a ta ly s t  charg ing . R e a c ta n ts  flow  dow nw ard through 
th e  ja c k e t  th e n  upw ard  th ro u g h  th e  f r i t te d  d isk , c a ta ly s t ,  and  inne r 
tu b e . A th r e e -w a y  stopcock  a rran g em en t allow ed th e  re a c to r  to  be 
a t ta c h e d  e i th e r  to  th e  re c irc u la tin g  b a tc h  r e a c to r  fo r c a ta ly s t
p re tre a tm e n t and  r e a c ta n t  ad so rp tio n  o r to  a  c o n tin u o u s  flow of iV H e
c a r r ie r  gas for th e  TPR experim en t. The e f f lu e n t could  be d irec ted  
th ro u g h  th e  ch rom atog raph ic  column to  th e  MS or i t  could bypass th e  
column an d  go d ire c tly  to  th e  MS. H2 and  He c a r r ie r  g ases  could be 
in d e p e n d e n tly  co n tro lled  an d  m onito red  w ith  m ass flow  co n tro lle rs  (MKS 
Co.) an d  d ig ita l re a d o u t. H eating  ta p e  w ere w rapped on c a r r ie r  gas lines 
and  v a lv e s  to  p re v e n t  co n d en sa tio n  of h ig h e r h y d ro ca rb o n s  on th e  tube 
w all o r th e  v a lv e .
B oth h e a tin g  and  cooling w ere req u ire d  fo r TPR ex p erim en ts , so th e  
e le c tr ic  fu rn ace  was rep la ced  w ith  a  c y lin d rica l copper block (Figure
3 - 4 )  w hich h a s  rod ty p e  h e a te rs  im bedded in  i t  fo r h e a tin g  and a
copper cooling co ll su rro u n d in g  it .  Com pressed a ir , cooled by  liqu ified  
n itro g en , w as u sed  a s  th e  cooling medium. The block  te m p era tu re  was 
co n tro lled  by a  d ig ita l  te m p e ra tu re  con tro ller(O m ega CN 2010). Linear 
h e a tin g  r a te s  o f 1 -3 0  K/min. w ere a t ta in a b le .
A v e r s a ti le  m ass sp ec tro m e try  sy stem  w as u sed  in  a n a ly s is  of TPR 
p ro d u c ts . The m ass sp ec tro m e te r  w as a  UTI 100C q u ad ru p o le  w ith  2 -200  
AMU m ass ran g e , e le c tro n  im pact ion  so u rce  o p e ra tin g  a t  70 ev , electron  
m u ltip lie r  d e te c to r , an d  tu rb o  m o lecu la r pum ped vacuum  system . A je t  
s e p a ra to r  roughed  w ith  an  in d e p en d en t m echan ical vacuum  pump provided 
th e  in te r fa c e  to  a tm o sp h eric  p re ssu re . A cross p a t te r n  le ak  va lv e

























Figure 3 —4. Heating—cooling Block
LOO'
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(Nupro SS-2SX ) w as u sed  to  s p li t  o ff  c a r r ie r  flow r a te s  in  ex cess  o f 30 
cc/m in. The j e t  s e p a ra to r  rem oved th e  b u lk  o f th e  H2 and  He from  th e  
c a r r ie r  g ases .
T he sy stem  could be also  o p e ra te d  a s  a  rough  GC/MS sy stem  by 
sw itch in g  a  ch rom atograph ic  column in  s e r ie s  w ith  th e  je t  s e p a ra to r  by 
m eans o f  a  s ix  p o r t ch rom atograph ic  sam pling  v a lv e . T he ch rom atograph ic 
colum n could  be co n ta in ed  e i th e r  in  a  te m p e ra tu re  co n tro lled  oven  o r in  
a  c o n s ta n t te m p e ra tu re  b a th . T his GC/MS c o n fig u ra tio n  was u sed  in  
a n a ly s is  o f th e  d e u te ra tio n  p ro d u c ts , id e n tif ic a tio n  o f TPR p ro d u c ts , and  
c a lib ra tio n  o f th e  TPR sp e c tra  w ith  s ta n d a rd  m ix tu res .
For m easurem en t o f re a c to r  te m p e ra tu re  d u rin g  TPR ex p erim en ts , a 
d ig ita l therm ocoup le  m odule (M etraby te M1311) w ith  R S-232 com m unica­
tio n s  w as u sed  to  m onitor th e  re a c to r  te m p e ra tu re . A IBM PS/2 Model 60 
p e rso n a l com puter was u sed  to  g a th e r  raw  m ass sp e c tra l  in te n s it ie s  from 
th e  MS and  te m p e ra tu re  m easurem en ts  from  th e  therm ocouple m odule. A 
d e ta ile d  d e sc rip tio n  o f th e  d a ta  a c q u is itio n  sy stem  is  g iven  in  A ppendix  
C.
A fte r th e  MS, a th e rm al c o n d u c tiv ity  d e te c to r  (Gow-Mac) was 
a t ta c h e d  to  th e  e f f lu e n t s tream  and  i t  w as u sed  fo r p ro d u c t d e te c tio n  in  
th e  c a se  o f ch rom atograph ic  o b se rv a tio n s . T he TCD w as c o n ta in ed  in  an  
in s u la te d  box and  connec ted  to  a  Gow-Mac pow er su p p ly  and  HP3396A 
d ig ita l in te g ra to r .  The TCD bridge c u r re n t w as s e t  a t  200 mA.
For C2H2 , C2H4, an d  C2H6 s e p a ra t io n , a  2 m Poropak NS colum n 
th e rm o s ta tte d  a t  room te m p e ra tu re  w ith  an  He flow o f 180 cc/m in. w as 
used . For th e  s e p a ra tio n  o f th e  a c e ty le n e  o ligom erization  p ro d u c ts , a  3 .5  
m S E -3 0  colum n (11.5% on chrom osorb) a t  298K, te m p e ra tu re  program m ed
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from 298 K -  458 K in  12 min. w ith  He flow of 80 cc/m in. w as used . For 
s im u ltan eo u s  s e p a ra t io n  o f  C2 an d  C4 p ro d u c ts  from a c e ty le n e  
h y d ro g en a tio n , 2.7m D urapak colum n w ith  a  He flow  of 30cc/m in. was
used  a t  tw o d if fe re n t  te m p e ra tu re s : The GC column w as in i t ia lly  im mersed 
in  i c e - s a l t  b a th  (258 K) fo r s e p a ra t io n  o f Cs p ro d u c ts  an d  th e n  in  w a te r 
b a th  (298 K) fo r C4 p ro d u c t a n a ly s is . A ty p ic a l gas  chrom atogram  is 
show n in  F igu re  3 - 5  a n d  th e  c a l ib ra tio n  d a ta  is  g iv en  in  T able 3 -1 .
A s ta t ic  v o lu m etric  ad so rp tio n  a p p a ra tu s  u sed  fo r d e te rm in a tio n  o f 
CO chem iso rp tion  is  show n in  F igure  3 - 6 .  I t  c o n s is ts  o f an  oil d iffu sio n  
pump (V arian ), a  Welch d u o -s e a l  m echan ical pump and  MKS B ara tron  
p re s su re  tr a n s d u c e rs  w ith  a  ran g e  o f  0 to  13.3 kPa. The system  was
made of Pyrex g la ss . P u rified  helium  an d  carb o n  m onoxide w ere s to re d  in
1- l i t e r  f la sk s . The c a ta ly s t  w as p laced  in  th e  U -iu b e  p y rex  re a c to r ,
w hich was conn ec ted  to  th e  ad so rp tio n  a p p a ra tu s  th ro u g h  a 10/30 ground 
g la ss  jo in t.  The 4 -w a y  stopcock  o f th e  re a c to r  allow ed e i th e r  a flow 
co n fig u ra tio n  fo r c a ta ly s t  re d u c tio n  in  H2 flow  or an  iso la ted  
co n fig u ra tio n  for c a ta ly s t  e v a c u a tio n  an d  g as  a d so rp tio n  experim ent.
3 .1 .2  M ateria ls
The m a te r ia ls  and  re a g e n ts  u sed  in  th is  w ork a re  lis te d  in  T able 
3 -2 .  Hydrogen an d  helium  from th e  g as  c y lin d e r w ere p assed  th ro u g h  an  
S upelpu re  (Supelco) p u r if ie r  to  fu r th e r  rem ove tr a c e  oxygen. A cety lene  
(99.6%) was p u rif ie d  by  b u lb - to - b u lb  d is t i l la t io n  u s in g  liqu id  n itro g en  
and  s to re d  in  a  f la sk  co n n ec ted  to  th e  b a tc h  re a c to r  a p p a ra tu s .
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Figure 3 - 5 .  Typical gas chromatogram of products from acetylene hydrogenation.
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Table 3 -1 .  C a lib ra tio n  D ata  fo r  GC A nalysis
Compound R ela tiv e  R eten tio n  
Time (Min.)
R e la tiv e  Response 
F ac to r
E th an e 1.808 1.000
E th y len e 2.047 1.072
A ce ty len e 4.453 1.235
n -B u ta n e 10.305 0.636
1 -B u te n e 13.820 0.661
1 ,3 -B u ta d ie n e 16.348 0.698
tr a n s - 2 - B u te n e 17.347 0.668
c is -2 -B u te n e 18.610 0.658






























F i a u r e  3 —6 .  A p p a r a t u s  f o r  CO C h e m i s o r p t i o n .
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Table 3 -2 . M ateria ls  a n d  R eagen ts
Compound Supplier S p ec ifica tio n
Pd(NH3)4(NOa)2 A lfa P roducts 35.34% Pd
r— AI.2O3 Union Carbide 
(Linde 6 0 -5 0 )
Bulk D e n s ity  36 lb s / f t .3 
Hg Pore Volume 0.71 cc/g  
S u rface  A rea  215 m2
SiOa F isher S c ien tific Type 60A, Grade 633
K2 CO3 F ish er S c ien tific 99.4%
NH4HCO3 M alinckrodt 100.0%
SE 30 Teklab
Chromosorb Teklab
P orapak  NS Teklab
D urapak Teklab
C2 H2 M atheson 99.6%
C2H4 M atheson 99.5%
d2 M atheson 99.5% atom .
n h3 M atheson 99.99%
CO M atheson 99.5%
H2 Liquid Air 99.999%
He Liquid Air 99.999%
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E th y le n e , carbon  m onoxide, am monia, and  deu te riu m  g a se s  w ere u sed  
d ire c tly  from th e  le c tu re  b o ttle . W ater, w hich w as u sed  in  c a ta ly s t  
p re p a ra t io n  w as d is ti lle d  an d  deion ized .
3.1.3 Catalysts
3.1.3.1 Catalyst Preparation
C a ta ly s ts  w ere p re p a re d  by  tw o m ethods w hich d iffe r  o n ly  s lig h tly  in  
p roced u re : w et im p reg n a tio n  and  in c ip ie n t w etness. A 1% Pd load ing  w as 
u sed  in  b o th  c a se s  and  th e  Pd so lu tio n  w as p rep ared  u s in g  pallad ium  
te tra a m in e  n i t r a te  (Pd(NH3>4(N03>2).
One b a tc h  o f th e  P d /A h03 c a ta ly s t  w as p rep a red  v ia  th e  w et 
im p reg n a tio n  m ethod, w here  th e  p ro ced u re  u sed  by B enesl a n d  C urtis  
(1968) w as follow ed. T he a lu m in a  su p p o rt w as calc ined  a t  673 K fo r 3 
h o u rs  b e fo re  u se . The im p reg n a tin g  so lu tio n  (0 .2  M aqueous Pd so lu tio n ) 
w as ad ded  to  th e  d ried  a lu m in a  w ith  ju s t  enough w a te r to  m ake a  s lu rry . 
W ater w as boiled  o ff  on a  h o t p la te , th e n  th e  c a ta ly s t  w as d rie d  a t  393 
K fo r o v e rn ig h t. The c a ta ly s t  is  f in a lly  ca lc ined  a t  573 K fo r 4 h r in  a 
m uffle  fu rn a c e . Pd c a ta ly s ts  su p p o rted  on SIO2  w ere p rep a red  in  th e  sam e 
p ro ced u re . T h is c a ta ly s t  w as used  in  th e  s tu d y  o f CO e ffe c ts .
O th e r b a tc h e s  of 1% Pd/Ala03 c a ta ly s t  w ere p rep a red  b y  in c ip ie n t 
w e tn e ss  im pregnation  o f  Pd(NH3)<(N03)3 on r-a lu m in a  (Linde 503) fo r th e  
s tu d y  o f  K doping e ffe c t. The Pd s a l t  w as d isso lved  in  d e io n ized  w a te r  
in  a n  am oun t e q u iv a le n t to  th e  th e  pore volum e of a lum ina (0.71 cm3/g ) 
and  w as added  slow ly to  th e  d ried  a lum ina w hile being  s t ir re d . The 
c a ta ly s t  w as d ried  a t  393 K o v e rn ig h t.
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K a d d itio n  to  Pd/AUOs c a ta ly s ts  w as done in  tw o ways. One se r ie s  
o f K doped c a ta ly s ts  w as p rep a red  by  add ing  1 and  4 wt% K as  
p o ta ss iu m  c a rb o n a te  to  Pd/Al203 c a ta ly s t ,  w hich had  been p re red u ced  in  
H* flow a t  773K fo r 2 hours, by in c ip ie n t  w etn ess  im pregnation  follow ing 
th e  sam e p ro ced u re  as fo r Pd load ing . T h is s e r ie s  o f c a ta ly s ts  w as th e n  
d ried  a t  393K and  is  d es ig n a ted  "K-Pd/A hO s". A no ther s e r ie s  w as 
p re p a re d  by p re tre a tin g  a lum ina w ith  1, 2, an d  4 wt% K in a  p rocedu re  
s im ila r to  t h a t  u sed  by F igoli and  L 'a rg en ie re  (1989). Dried a lum ina  w as 
im pregnated  w ith  K2CO3  so lu tio n , d ried  and  ca lc in ed  a t  873K fo r 7.5 hr. 
Pd w as loaded  on th is  tr e a te d  su p p o rt by  in c ip ie n t w etness  im pregnation  
an d  th e  c a ta ly s t  w as d ried  b efo re  s to rag e . T hese  m a te ria ls  a re  
d es ig n a ted  "Pd/K-Al2(>3".
3.1.3.2 Dispersion Measurements
T he d isp e rs io n  of each  c a ta ly s t  w as determ ined  by chem isorp tion  of 
carbon  m onoxide in  a  s ta t ic  ad so rp tio n  a p p a ra tu s . The ad so rp tio n  
iso th e rm s w ere o b ta in ed  a t  298 K w ith  p re s su re s  ran g in g  from 13.3 Pa to
13.3 kPa. For th e  chem isorp tion  ex perim en t, 500 mg o f c a ta ly s t  packed  in 
U -tu b e  re a c to r  w as red u ced  in  H2 flow  a t  573 K fo r 2 h r, e v a c u a te d  a t  
673 K fo r  2 h r, an d  cooled to  th e  room te m p era tu re . A known am ount of 
carbon  monoxide w as adm itted  to  th e  ad so rp tio n  cell. A fte r  th e  
equ ilib rium  p re s su re  was reach ed  (a b o u t 3 0 -6 0  m in u tes), th e  am ount of 
CO in  th e  gas p h ase  w as su b tra c te d  from th e  am ount adm itted  to  g ive  
th e  am ount adso rbed , th e n  a second dose of CO was added. By re p e a tin g  
th is  p ro cess , th e  chem isorp tion  iso th e rm  was c o n s tru c te d .
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C arbon m onoxide ad so rb s  w eakly  on th e  su p p o rt, so a  double 
a d so rp tio n  m ethod (S in fe lt e t  a l„  1973) w as used  to  c o rre c t fo r th is  
w eakly  bound fra c tio n . A fte r m onolayer co v erag e  o f CO w as o b ta in ed , th e  
c a ta ly s t  w as e v a c u a te d  fo r 10 min. to  rem ove th e  w eak ly  ad so rbed  CO. 
The a d so rp tio n  p rocess was th e n  re p e a te d  re s u lt in g  in  th e  ad so rp tio n  
iso the rm  fo r  th e  w eakly  bound fra c tio n . T he s tro n g ly  bound chem iso rp tion  
iso therm , w hich can  be u sed  in  c a lc u la tin g  th e  m e ta l d isp e rs io n , was
o b ta in ed  by  s u b tra c t in g  th e  w eakly  bound Iso therm  from th e  to ta l  
chem iso rp tion  iso therm .
T he d isp e rs io n  ( th e  accessib le  f ra c tio n  o f  Pd m e ta l)  w as ca lcu la ted  
from th e  num ber o f Pd atom s w hich chem isorbs CO d iv id ed  by to ta l  
num ber o f Pd atom s. S ev era l v a lu e s  of th e  Pd:CO ra t io  ran g in g  from 1.0 
to  1.5 h a v e  been  re p o rte d  (V annice a n d  G arten , 1979; S ho lten  and  
M ontfoort, 1962; S tep h e n s  1959b; V annice and  Wang, 1981; B o itiaux  e t  
a l., 1983), b u t i t  was assum ed in  our c a lc u la tio n  th a t  one CO atom
ad so rb s  on one su rfa c e  Pd atom  so th a t  d isp e rs io n s  a re  u sed  only for
co m p ara tiv e  pu rposes .
A ty p ic a l CO a d so rp tio n  iso th e rm  in c lu d in g  b o th  th e  to ta l  and  weak 
p a r ts  is  show n in  F ig u re  3 -7 .  A d e ta ile d  c a lc u la tio n  is  g iv en  in 
A ppendix D and  th e  re s u l ts  a re  sum m arized in  th e  T ab le 3 -3 .
S e v e ra l b a tc h e s  of P d /A l . 2 0 3  w ere p rep a red  by b o th  w et im pregnation  
and  in c ip ie n t  w e tn ess  im pregnation  m ethod and  th e  d isp e rs io n  was
de te rm in ed  to  be d if f ic u lt to  co n tro l. When K w as ad ded  to  p rereduced  
b ase  c a ta ly s t  (d isp e rs io n  = 36.2%), th e  d isp e rs io n  d ec re ase d  s lig h tly  w ith  
K c o n te n t (32.6% for 1% K c a ta ly s t ;  26.1% for 4% K c a ta ly s t)  in d ica tin g  
Pd s i te s  w ere b locked a t  h ig h e r c o n te n t o f K.



























Figure 3 - 7 .  Isotherms for CO adsorptionon Pd/alum ina.
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Table 3 -3 . Dispersion of catalysts®
P rep a ra tio n
M ethod
C a ta ly s t D ispersion
(%)
C a ta ly s t D ispersion
(%)
Wet Im pregna­
tio n Pd/AlzOa 45.6 Pd/SiOa 22.4
In c ip ie n t Wet­
n e ss Pd/4% K -A l20 3 23.2 4% K-Pd/Al20 3 26.1
Pd/2% K -Al20 3 32.5 1%K-Pd/Ala03 32.5
Pd/1% K -Alz03 17.2 Pd/AlzOs (base
Pd/A l20 3 16.7 c a ta ly s t) 36.2
® B ased on C O /P d = l/l
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3 .1 .4  E x perim en ta l P rocedures
3 .1 .4 .1  R eaction  S tu d ies  o f  A ce ty len e  H ydrogenation
K inetic  experim en ts  w ere done in  th e  re c irc u la tio n  b a tch  re a c to r . 
100 mg o f  c a ta ly s t  w as loaded  in to  th e  U -tu b e  re a c to r  and  th e  c a ta ly s t  
w as red u ced  in  H2 flow a t  773 K fo r 2 h r . The flow w as th e n  sw itched  to  
He a n d  th e  te m p e ra tu re  w as m a in ta in e d  a t  773 K fo r  an  a d d itio n a l 30 
m ln. to  pu rge adso rbed  H2 .
A fte r  th e  c a ta ly s t  w as cooled to  room te m p e ra tu re , th e  r e a c to r  was 
b y p a sse d  and  th e  re c irc u la tio n  sy stem  w as filled  w ith  5.3 kPa C2 H2 , 5.3 
kP a H2 , and  90.4 kPa He. The re a c tio n  w as ex ec u ted  a t  298 K. The 
re a c tio n  m ix tu re  was p e rio d ica lly  sam pled , in jec ted  in to  th e  chrom ato­
g rap h ic  colum n (D urapak), and  a n a ly z e d  by TCD.
3 .1 .4 .2  D eu te ra tio n  R eactions
F or d e u te ra tio n  ex perim en ts, 100 mg (a c e ty le n e  re a c tio n ) o r 10 mg 
(e th y le n e  re a c tio n )  o f Pd/Al2C>3 (4 0 -6 0  m esh p a r tic le s )  was packed  in  
th e  r e a c to r  and  reduced  a t  773K fo r  1 h o u r in  th e  re c irc u la tio n  system  
filled  w ith  53 kPa H2  (or D2 ) and  53 kP a He w ith  a  liq u id  n itro g e n  tra p  
in  th e  c irc u la t in g  loop. The c a ta ly s t  w as reduced  fo r two h o u rs  if  CO 
had  b een  ad so rbed  in  a  p rev io u s  ex p erim en t.
When o b serv in g  th e  a c e ty le n e  d e u te ra tio n  re a c tio n , 1.3 kPa C2H2 ,
1.3 k p a  kPa D2 , and  103 kPa He w ere  prem ixed and  th e  re a c tio n  was 
in i t ia te d  and  follow ed a t  323K. Sam ples o f  re a c tio n  p ro d u c t were 
p e r io d ic a lly  expanded  in to  a  sam p ling  loop and  in jec ted  in to  th e  
ch ro m a to g rap h ic  column fo r  s e p a ra tio n  follow ed by a n a ly s is  on th e  MS.
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When o b se rv in g  e th y le n e  d e u te ra tio n , 13 kPa C2H«, 13 kPa Da and  80 
kPa He w ere prem ixed an d  th e  re a c tio n  w as in i t ia te d  and  follow ed a t  
223K.
3.1.4.3 TPR Experiments.
For TPR ex p erim en ts , 50 mg o f 2 0 0 -3 2 5  m esh c a ta ly s t  p a r t ic le s  was 
packed  in  th e  re a c to r  an d  red u ced  a t  773 K fo r lh r  in  th e  re c irc u la tio n  
sy stem  filled  w ith  53.2 kPa of Ha and  53.2 kPa o f  He w ith  a  liqu id  
n itro g e n  tra p  in  th e  c irc u la tin g  loop. A fte r red u c tio n , th e  th e  c a ta ly s t  
w as f lu sh ed  w ith  He gas a t  773 K fo r 30 m in u tes  to  rem ove adsorbed  H2
and  i t  was th e n  cooled to  th e  ad so rp tio n  te m p e ra tu re  (norm ally  223 K)
u n d er He flow. A m ix tu re  o f 73.2 P a a c e ty le n e  in  106.4 kP a He w as 
c irc u la te d  o v e r th e  c a ta ly s t  a t  223 K fo r 15 m in u tes . In p rep a rin g  th e  
ad so rp tio n  m ix tu re , 0 2 Hz was p re d ilu te d  in  He so t h a t  v e ry  sm all C2 H2 
doses could  be  re p e a te d  p rec ise ly . A fte r a d so rp tio n , th e  a p p a ra tu s  w as 
sw itched  to  TPR mode and  th e  c a ta ly s t  w as f lu sh e d  w ith  He fo r 30
m inu tes to  rem ove w eak ly  bound a c e ty le n e  and  s e lf -h y d ro g e n a tio n  
p ro d u c ts . MS could  be u sed  to  m onito r th i s  p ro cess  i f  d es ired . The
c a ta ly s t  was th e  fu r th e r  cooled to  173 K, a  flow o f 20 cm3/m in . H2 and  
180 cm3/m in . He w as e s ta b lish e d , and  a  l in e a r  te m p e ra tu re  program  a t  5 
K/min. w as in i t ia te d . Mass sp e c tra  w ere reco rded  e v e ry  20 seconds 
u n ti l  th e  c a ta ly s t  re a c h e d  673 K. E th y len e  TPR w as done u n d e r  th e  
sam e co n d itio n s  ex ce p t th e  ad so rp tio n  te m p e ra tu re  (203 K) and  TPR 
s ta r t in g  te m p e ra tu re  (163 K).
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3.2 Data Reduction Techniques
T h ree  ty p e s  o f c a lc u la tio n s  o u ts id e  th e  scope o f  sim ple p rocedures 
w ere perform ed.
3.2.1 Calculation of Kemball's Parameter
T he K em ball's  p ro b a b ility  p a ram ete rs  fo r a c e ty le n e  and  e th y len e  
d e u te ra tio n  h a v e  been  determ ined  from e x p e rim e n ta l m easu rem en ts  v ia  
com puter c a lc u la tio n s . E igh t eq u a tio n s  and  one o v e ra l l  H/D balance 
eq u a tio n  w ith  th re e  p a ram ete rs  p, q. an d  s  h a v e  been  deriv ed  fo r 
ac e ty le n e  d e u te ra t io n  a s  shown in  th e  A ppendix  A. Since th is
m a th em a tica l sy s tem  h a s  more v a r ia b le s  th a n  e q u a tio n s  along w ith 
in e q u a lity  c o n s tr a in ts ,  we have  s e t  up  a  l e a s t  s q u a re s  ob jective
fu n c tio n  b ased  upon th e  sum of sq u a re s  o f th e  d iffe re n c e  betw een  th e  
ob served  d eu te riu m  d is tr ib u tio n  o f e th y le n e  an d  th e  com puted 
d is tr ib u tio n . T he  o b jec tiv e  function  w as th e n  m inim ized using  a
s ta n d a rd  n o n - l in e a r  op tim iza tion  package, GRG2 (L asdon e t  a l., 1980, See 
A ppendix E). In th e  c a se  of e th y le n e  d e u te ra tio n , 18 H/D balance 
e q u a tio n s  fo r th e  iso to p ic  species g en e ra ted  v ia  e th y le n e  d e u te ra tio n  
h av e  been  d e r iv e d  w ith  four p aram ete rs  p, q, r , an d  s, w hich were 
de term ined  in  a  s im ila r p rocedure.
In th e  com p u ter program  to c a lc u la te  th e  K em ball's  p a ram eter, th e  
s im u ltan eo u s  e q u a tio n s  fo r  each iso top ic  sp ec ie s  r e p re s e n t  th e  e q u a lity  
c o n s tra in ts  w h ile  th e  n o n -n e g a t iv ity  c o n s tr a in ts  fo r th e  p a ram eters
(p ,q ,r, and  s) a n d  th e  v a r ia b le s  w ere im posed in  th e  GRG2 program . O ther 
in fo rm ation  in c lu d in g  th e  in i tia l  guess  fo r e ac h  v a r ia b le  and  th e  
op tim iza tion  p a ra m e te rs  w ere also  p rov ided . S ev e ra l s e ts  o f op tim ization
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p a ram e te rs  w ere  te s te d  to  find  th e  b e s t c o n d itio n s  fo r op tim ization . To 
g e n e ra te  a n  in i t i a l  g u ess  fo r th e  program , an  iso to p ic  d is tr ib u tio n  fo r th e  
case  w here a l l  th e  p ro b a b ilitie s  o f e le m e n ta ry  s te p s  a re  50% was 
de term ined  by  so lv in g  th e  s im u ltan eo u s H/D b a lan ce  eq u a tio n s . The 
op tim iza tion  p a ra m e te rs  and  in i t ia l  v a lu e s  u sed  in  th is  c a lc u la tio n  a re  
g iven  in  A ppendix  E.
In  o rd e r  to  check  th e  p o ss ib ility  o f  s e t t l in g  a t  a  lo ca l minimum 
du ring  o p tim iza tio n , o th e r  s ta r t in g  p o in ts  w ere a lso  te s te d , b u t th e  
optim al p o in ts  o b ta in ed  w ere v e ry  close in  each  case , show ing th a t  a 
g lobal minimum w ere reach ed . We a lso  perform ed a  s ta b i l i ty  t e s t  w hich 
show ed th a t  th e  p a ram e te rs , p ,q ,r, and  s , a re  n o t  h ig h ly  s e n s it iv e  to  
m inor e rro rs  in  m easurem en t o f th e  d eu te riu m  d is tr ib u tio n s . Our derived  
H/D b a lan ce  e q u a tio n s  an d  op tim iza tion  schem e w ere te s te d  a g a in s t th e  
s e ts  o f  c a lc u la te d  d e u te ra tio n  d a ta  rep o rte d  (Kem ball, 1956; Bond e t  a l., 
1964a, 1965b, 1966a), w here th e  p a ram e te rs  de te rm in ed  by  our schem e 
ag reed  w ell w ith  th e ir  c a lc u la te d  p a ra m e te rs . O ur c a lc u la tio n  was also  
checked  fo r a  h y p o th e tic a l case  o f no d eu te riu m  exchange (only  Ds 
e th y le n e  o r e th a n e  e x is ts  in  th e  p ro d u c t), w here th e  p red ic ted  re s u lts  
(p= q=  s =  1 fo r  a c e ty le n e  d e u te ra tio n ; p*= q*= s*= 1 w ith  r* =0  fo r 
e th y le n e  d e u te ra tio n )  w ere o b ta in ed  in  th e  c a lc u la tio n .
In a l l  p re v io u s  s tu d ie s  rep o rte d  in  th e  open  l i te r a tu r e ,  th e se  
p a ram e te rs  h a v e  been  determ ined  from th e  s im u ltan e o u s  eq u a tio n s  by 
tr ia l  an d  e r ro r . For a c e ty le n e  d e u te ra tio n , tw o e q u a tio n s  an d  a c h a r t  
were u sed  in  com puting th e  p a ram ete rs  so th a t  a  com puter could n o t 
e a s ily  be u se d  in  th is  c a lcu la tio n  (Bond, 1966b, 1968). The n in e
e q u a tio n s  d e r iv e d  from th e  H/D balan ce  in  th is  s tu d y  allow ed u s  to  avo id
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th e  u se  o f  ch a rt. The o p tim iza tio n  te c h n iq u e  was sim ple and  e ff ic ien t. 
Also th e  deu terium  d is tr ib u tio n  o b ta in e d  by o u r te c h n iq u e  more c losely  
follow ed th e  experim en ta l d is tr ib u tio n  in  Bond's work th a n  th e ir  
c a lc u la te d  d is tr ib u tio n .
3.2.2 Determination of Deuterium Distribution in Products from the 
Deuteration Reaction
The p roducts  o f d e u te ra tio n  re a c tio n s  w ere an a ly zed  a t  a  
f rag m e n ta tio n  voltage o f 70 eV w hich y ie ld s  h igh  s e n s iv ity  b u t a lso  
c a u ses  excessiv e  frag m en ta tio n . T h ere fo re , th e  com position of th e  
iso to p ic a lly  en riched  p ro d u c t w as c a lc u la te d  u s in g  e x p e r im e n ta lly -d e te r ­
m ined frag m en ta tio n  p a t te rn s  fo r  e ac h  o f th e  p o ssib le  iso to p ic  spec ies  
ta k e n  from th e  l i te ra tu re  (Refer to  T ab le  3 -4 ) .  For C2H2 th e re  a re  3 
iso to p ic  sp ec ies  (Do, Di, and  D2 ), w hile  fo r CkH4 a n d  C2H6 th e re  a re  5 
and  7 sp ec ie s  re sp ec tiv e ly . We h a v e  m onitored  6 m asses from 2 4 -2 8  
AMU fo r C2H2 , 8 m ass from 2 5 -3 2  AMU for C2H4 and  12 m asses from 
2 5 -3 6  AMU for C2H6 . In c a lc u la tin g  th e  com position o f th e  
d e u te ro e th a n e s , th e  r e la t iv e  s e n s i t iv i ty  o f each  species  was ta k e n  in to  
acco u n t s in ce  th e re  is  a  s ig n if ic a n t v a r ia t io n  in  th e  o v e ra ll s e n s it iv i ty  
of e ac h  sp ec ies .
S ince th e re  were more o b se rv a tio n s  (m ass in te n s it ie s )  th a n  unknow ns 
(fra c tio n  o f each d e u te ra te d  sp e c ie s) , an  op tim iza tion  was used  to  
d e te rm in e  th e  unknow ns. We h a v e  s e t  up a  l e a s t  sq u a re s  o b jec tive  
fu n c tio n  from th e  sum of s q u a re s  o f  th e  d iffe ren ce  betw een  th e
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T ab le  3 -4 .  E x perim en ta l F rag m en ta tio n  P a tte rn  o f 0 2 X2“, 0 2 X4**, and  0 2 X6 °
















Mass C2H4 CsHsD C2H2D2 C2HD3 C2D4
32 — - — — 100.0
31 - - ~ 100.0 -
30 - - 100.0 22.7 60.8
29 - 100.0 41.0 40.8 -
28 100.0 55.6 40.8 38.2 63.7
27 67.9 50.6 42.1 25.8 -
26 67.5 31.0 15.3 9.80 10.4
25 13.5 7.70 4.05 1.70 —
Mass C2He C2HsD C2H4D2 C2H3D3 C2H2D4 CzHDa C2D6
36 — — — — — — 100.0
35 - - - - - 100.0 -
34 - - - - 100.0 18.7 73.6
33 - - - 100.0 36.5 55.2 -
32 - - 100.0 49.6 91.0 197.2 468.2
31 - 100.0 64.2 122.2 260.9 220.0 -
30 100.0 72.9 232.4 286.8 155.9 63.6 99.2
29 76.2 316.7 220.7 91.0 58.5 41.4 -
28 388.5 163.1 99.3 57.5 67.7 52.2 7.0
27 104.3 78.2 56.5 41.5 28.3 15.5 -
26 68.1 44.9 22.9 12.5 8.00 6.90 7.00
25 7.80 6.70 3.80 2.80 1.30 1.00 “
R ela tiv e
S e n s iti­ 1.00 0.95 0.89 0.84 0.78 0.73 0.68
vity*
* M ohler an d  D ibeler (1947) 
b D lebeler e t  a l. (1954) 
c Amenomiya and  P o ttle  (1968) 
d A m enom iya and  P o ttie  (1968), Norm alized to  C2H&
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o b se rv e d  an d  com puted sp e c tra  an d  m inim ized th e  fu n c tio n  w ith  
n o n - n e g a t iv i ty  c o n s tra in ts  on th e  mole fra c tio n  o f each  d e u te ra te d  
sp e c ie s  u s in g  th e  GRG2 program .
In a n y  g iv en  m ass spec trum , th e  m ag n itu d e  o f th e  in d iv id u a l ions 
m ay v a ry  g re a t ly  and  th e  la rg e s t  io n s  w ere found  to  dom inate  th e  
o p tim iz a tio n  so t h a t  m asses w ith  m inor in te n s i t ie s  w ere ignored . To 
com p en sa te  fo r th is  problem , a  w eigh t o f l/(S O (i)+ l)*  was app lied  to  th e  
sq u a re  o f  th e  d iffe ren ce  be tw een  th e  o bserved  in te n s ity ,  SO(i), and  th e  
c a lc u la te d  in te n s ity .  When th e  e x te n t  o f  d eu te riu m  exchange was sm all, 
ions re p re s e n tin g  h igh ly  d e u te ra te d  m olecu les w ere n o n -e x is te n t  and  i f  
too  m any  zero s  w ere inc luded , th e  r e s u l t s  were skew ed. T h erefo re , w hen 
i t  w as c le a r  th a t  h eav ily  d e u te ra te d  sp ec ie s  w ere n o t p a r t  o f th e  
p ro d u c t, th e se  spec ies  w ere e lim in a ted  from th e  op tim iza tion . The 
v a l id i ty  of th e  c a lcu la tio n  was f in a l ly  checked  by  com paring o b served  
I n te n s i t ie s  w ith  ca lc u la te d  in te n s i t ie s .  O p tim ization  p a ram eters  fo r th e  
GRG2 program  w ere th e  sam e a s  th o s e  u sed  in  th e  c a lc u la tio n  of 
K em ball's  p a ram ete rs .
3 .2 .3  D eterm ination  o f  R eac tion  P ro d u c ts  from TPR S pec tra  v ia  Mass 
S pectrom etry
D uring TPR, m any p ro d u c ts  d eso rb , some a t  d if fe re n t te m p e ra tu re s , 
b u t  m any  o v erlap . T ake a s  an  exam ple th e  r e s u l ta n t  spectrum  in  F igure 
3 - 8 .  T h is  fig u re  shows th e  in te n s i ty  o f m asses 30, 41, 43 an d  78 a s  a  
fu n c tio n  o f te m p era tu re . M asses 14, 15, 26, 28, 56, 57, 58, 71, 84, 85 
an d  86 w ere a lso  observed  b u t a re  n o t  show n in  th e  fig u re  in  th e  
in te r e s t  o f s im plic ity . The o v e ra ll m ass sp e c tra  w ere co n v erted  in to  th e
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Figure 3 - 8 .  Raw TPR spectra (m ass spectral form) of acetylene adsorbed 
on Pd/alum ina at 223K.
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Figure 3 - 9 a .  TPR spectra (molar form) of acetylene adsorbed on Pd/alum ina  
(dispersion =  45 .2  X) at 223K.
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Figure 3 —9b. P R  spectra (molar form) of acetylene adsorbed on Pd/alumina 
(dispersion =  45.2 2) at 223K.
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in d iv id u a l com ponent sp e c tra  (F igures 3 -9 a ,b )  to  allow q u a n t i ta t iv e  
a n a ly s is . The com position o f  TPR p ro d u c ts  e lu tin g  a t  each  mom ent was 
d e te rm in ed  by  th e  follow ing procedure.
We f i r s t  de term ined  w hich hydrocarbon  sp ec ie s  w ere g loba lly  p re se n t 
in  a  TPR ex p erim en t by  co llec tin g  a l l  p ro d u c ts  from a  com plete ru n  in  a  
liqu id  n itro g e n  tra p  p laced  a t  th e  e x i t  o f  th e  re a c to r . T h is  sam ple was 
th e n  in je c te d  in to  th e  th e  c a rr ie r  gas s tream  b y  thaw ing  th e  tr a p  
q u ick ly  an d  th e  com ponents w ere s e p a ra te d  on a  gas ch rom atograph ic 
column (SE 30 on chrom osorb column, 14 f t .) .  T he se p a ra te d  p ro d u c ts  
were id e n tif ie d  by th e ir  MS frag m e n ta tio n  p a t te rn s .  In  th e  exam ple case , 
th e  m ajor p ro d u c ts  id e n tif ie d  w ere e th a n e , n -b u ta n e ,  n -h e x a n e , benzene, 
and  cy c lo h ex an e  along w ith  h igher p a ra ff in s  in c lud ing  n -o c ta n e  and  
n -d e c a n e  an d  t ra c e s  of p e n ta n e , 2 -m e th y lp e n ta n e , 3 -m e th y lp e n ta n e , 
m e th y lcy c lo p en tan e , and  h e p ta n e  (See T able 3 -5 ) .  T he n -o c ta n e ,  
n -d e c a n e  an d  tra c e  com ponents were d if f ic u lt to  d e term ine  q u a n t i ta t iv e ly  
and  w ere th e re fo re  no t used  in  th e  q u a n t i ta t io n  c a lc u la tio n . A s ta n d a rd  
m ix tu re  w as th e n  p rep a red  from a l l  th e  known com ponents and  th is  
s ta n d a rd  w as in jec te d  in  known q u a n ti t ie s  to  g e n e ra te  a  frag m en ta tio n  
p a t te rn  and  s e n s i t iv i ty  fa c to r  fo r each  com ponent (T able 3 -6 ) .  C arefu lly  
se le c te d  io n s  w hich a re  c h a ra c te r is t ic  o f each  com ponent w ere m onitored  
in  th i s  p ro cess . The frag m en ta tio n  p a t te rn s  w ere co rrec ted  to  re sp o n se  
p e r microm ole an d  th is  p rocedure  w as p e rio d ica lly  perform ed to  c o rre c t 
fo r ch an g es  in  th e  MS s e n s i t iv i ty  w ith  tim e.
T h is  c a l ib ra tio n  p rocedu re  allow ed u s  to  c o n s tru c t a  m atrix  su ch  
th a t  th e  colum ns re p re se n te d  th e  frag m e n ta tio n  p a t te rn s  o f  in d iv id u a l 
com ponents an d  th e  rows re p re se n te d  p a r tic u la r  m ass num bers. An
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T ab le  3 - 5 .  Id e n tif ic a tio n  of Major TPR P ro d u c ts  by  GC/MS
P roduct tRa
(m in.)
Most S ign ifican t M asses


























































































a R eten tion  tim e
b TPR P ro d u c t co llec ted  in  liqu id  n itro g en  t r a p  w as in je c te d  by rep lacing  
th e  cold t r a p  by  h o t w a te r  b a th  rap id ly . 
c S tan d a rd  m ix tu re  o f th e se  compounds w as in je c te d  th ro u g h  sam pling 
v a lv e .

















■Table 3 -6  Mass Fragm entation  P a tte rn  and S e n s i t i v i t y
N itro g en  Methane A c e ty len e E th y len e Ethane Butane Hexane Benzene C yclohexane
14 78 .9 148 .0 12 .0 68 .0 16 .0 8 .0 5 . 0 0 . 0 0 .0
15 0 . 0 1000 .0 35 .0 17 .0 39 .0 39 .0 40 .0 4 . 0 46 .0
26 0 . 0 0 . 0 1000 .0 676 .0 238 .0 59 .0 51 .0 43 .0 37 .0
28 1000 .0 0 . 0 0 . 0 1000.0 1000 .0 358 .0 97 .0 38 .0 151 .0
30 0 . 0 0 . 0 0 . 0 0 . 0 186 .0 11 .0 13 .0 0 . 0 2 .0
41 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 355 .0 1000 .0 0 . 0 860.0
43 0 . 0 0 .0 0 .0 0 . 0 0 . 0 1000 .0 777 .0 4 . 0 153 .0
56 0 . 0 0 . 0 0 .0 0 .0 0 .0 11 .0 411 .0 0 . 0 1000 .0
57 0 . 0 0 . 0 0 .0 0 .0 0 .0 17 .0 750 . 0 0 . 0 38 .0
58 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 59 .0 27 .0 2 . 0 9 .0
71 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 23 .0 0 . 0 0 .0
78 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 1000 .0 0 . 0
84 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 390 .0
86 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 47 .0 0 . 0 0 .0
S e n s i­
t i v i ty®
130000 95005 64613 188901 357517 659816 643360 605864 660793
a Sensitivity in (Integrated Peak Intensity) /(Micromoles) /1000
ONo
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ex p erim en ta lly  determ ined  m ass sp ec tru m  a t  an y  in s ta n t  is  th e  p ro d u c t 
o f  th e  m a trix  and  th e  v e c to r  re p re s e n t in g  th e  moles o f each  com ponent 
e lu tin g  a t  th a t  in s ta n t .  In  o rd e r to  e f fe c t iv e ly  solve fo r  th e  mole v e c to r , 
we s e t  up a  le a s t  s q u a re s  m in im iza tio n  o f th e  d iffe ren ce  b e tw een  th e  
a c tu a l  spectrum  and  th e  com puted  sp ec tru m . N o n -n e g a tiv ity  c o n s tr a in ts  
w ere im posed on a ll com ponents o f  th e  mole vec to r. T he c a lc u la tio n  w as 
perform ed w ith th e  GRG2 program  as  in  th e  a n a ly s is  o f d e u te ra tio n  
p ro d u c ts . By rep e a tin g  th is  c a lc u la tio n  fo r th e  s e t of TPR m ass sp e c tra , 
in d iv id u a l sp e c tra  fo r each  p ro d u c t w as ob ta ined . In  th e  o p tim iza tio n  
p ro ced u re , a  w eight of l / ( S 0 ( i ) + l ) 2 w as a lso  used  to  p re v e n t dom inance 
o f  m asses  w ith la rg e  in te n s i t i e s  u s in g  th e  same GRG2 o p tim iza tio n  
p a ra m e te rs  th a t  w ere u sed  fo r th e  c a lc u la tio n  of K em ball's p a ra m e te rs . 
The p ro d u c t com position c a lc u la te d  a t  a n y  g iv en  in s ta n t  was u sed  a s  th e  
s ta r t in g  po in t fo r th e  n e x t  o p tim iz a tio n . S ev era l s ta r t in g  p o in ts  fo r th e  
in i t ia l  d a ta  po in t w ere te s te d  b u t  a l l  th e s e  c a lcu la tio n s  gave  th e  sam e 
re s u lt .  V alid ity  of th e  c a lc u la tio n  w as f in a lly  checked by exam in ing  th e  
d iffe re n ce  sp e c tra  w hich w ere o b ta in e d  by su b tra c tin g  th e  c a lc u la te d  
s p e c tra  from th e  o bserved  sp e c tra .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IV. DEUTERIUM TRACER STUDIES ON THE EFFECT OF CARBON 
MONOXIDE ON ETHYLENE SELECTIVITY IN ACETYLENE 
REACTION OVER Pd
T he e ffe c t o f  CO on th e  e th y len e  s e le c t iv i ty  in  s e le c tiv e  
h y d ro g en a tio n  o f a c e ty le n e  h a s  been s tu d ied  u s in g  iso to p ic  tra c e r  
m ethods. The e f f e c t  o f  CO on th e  p ro d u c t d is tr ib u t io n  in  th e  
d e u te ra tio n  o f a c e ty le n e  and  e th y le n e  has been  a s s e s se d  u s in g  K em ball's 
m ethod (1956) an d  th e  in te ra c t io n  o f CO w ith  ad so rb ed  e th y le n e  was 
in v e s t ig a te d  by d isp la c e m e n t experim ents.
4.1 Procedures
4.1.1. Deuteration Reactions with CO
1. D e u te ra tio n  R eac tions
The b ase  c o n d itio n s  fo r d e u te ra tio n  experim en ts  a re  a s  g iv en  in th e  
ex p erim en ta l se c tio n  (se c tio n  3 .1 .4 .2 ). CO was u sed  to  m odify th e se  b ase  
re a c tio n  co n d itio n s  b y  e i th e r  1) adding ad d itio n a lly  0 .13 kP a CO along 
w ith  th e  in i t ia l  C z H s^ /H e  m ix tu re  (comixed) o r 2) p re a d so rb in g  CO by 
c irc u la tin g  0.13 kP a  CO in  1.3 kPa He over th e  c a ta ly s t  a t  323 K. In 
th is  p re a d so rp tio n  s te p , th e  CO p ressu re  co rresp o n d s  to  9.2 CO 
m olecules/Pd atom  in  th e  c a ta ly s t  so th a t  only  a  sm all p o rtio n  of th e  
CO a c tu a lly  ad so rb s  on  th e  c a ta ly s t .  Following p re a d so rp tio n  of CO, th e  
re a c to r  se c tio n  w as b y p assed , b u t  th e  u n ad so rb ed  CO w as n o t 
e v a c u a te d . In s te a d , 1.3 kPa Csfe, 1.3 kPa D2 , and  an  a d d it io n a l  102 kPa 
He w ere m ixed w ith  th e  rem ain ing  CO, th e n  th e  c a t a ly s t  w as b ro u g h t 
back in to  th e  c irc u la t in g  loop a t  323 K to in i t ia te  th e  re a c tio n . When 
observ in g  e th y le n e  d e u te ra tio n , 13 kPa C2H4, 13 kPa D2 an d  80 kPa He
62
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w ere mixed and  th e  re a c tio n  w as In it ia te d  and  follow ed a t  223 K. As In 
th e  ace ty le n e  d e u te ra tio n  re a c tio n , CO was e i th e r  ad ded  to  th e  b ase  
re a c tio n  m ix ture  (com ixed) o r  p read so rb ed  on th e  c a ta ly s t .  P ro ced u res  
w ere th e  same a s  d e sc rib e d  above e x c e p t th a t  th e  CO p re s s u re s  w ere 
0 .13 Pa and 1.33 Pa in  th e  CO/C2H</D2/H e m ix ture an d  1.33 P a  CO was 
used  in  th e  p read so rp tio n  ex p erim en t. Note th a t  th e s e  CO p re s s u re s  a re  
2 - 3  o rders  of m agn itude low er th a n  u sed  in  th e  Calfe re a c tio n . 1.33 Pa 
CO corresponds to  0 .9  CO/Pd a n d  0.13 Pa CO corresponds to  0.1 CO/Pd.
4.1.2. Adsorption Study
In o rder to  t e s t  w h e th e r  CO can  d isp lace  C2H4 by  co m p e titiv e  
ad so rp tio n , a  d isp la cem e n t ex p erim en t was perform ed. F o r th is  
experim en t, 100 mg of 2 0 0 -3 2 5  m esh c a ta ly s t p a r t ic le s  w ere in i t ia l ly  
red u ced  in  th e  sam e way a s  th e  d e u te ra tio n  re a c tio n s  w ith  th e  system  
in  c irc u la tio n  mode. A fte r re d u c tio n , th e  c a ta ly s t  w as f lu sh e d  w ith  He 
gas  a t  773 K fo r 30 m in u te s  to  rem ove adsorbed  H2  and  i t  w as th e n  
cooled to  th e  a d so rp tio n  te m p e ra tu re  (173 K) u n d er He flow . A m ix tu re  
o f  79 Pa C2H4 in  105 kPa He w as c irc u la te d  over th e  c a ta ly s t  a t  173 K 
fo r 6  m inutes th e n  th e  a p p a ra tu s  w as sw itched  to  flow mode an d  th e  
c a ta ly s t  was f lu sh ed  w ith  He fo r  6  m in u tes  to  rem ove w eak ly  bound  C2H4. 
CO w as th en  in je c te d  o n to  th e  c a ta ly s t  as su ccess iv e  p u ls e s  an d  th e  
e f f lu e n t  from th e  re a c to r  w as co n tin u o u s ly  m onito red  by th e  m ass 
sp ec trom eter.
4.2 Results
4.2.1. Acetylene Deuteration
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E xperim en ts  were perform ed w ith o u t CO, w ith  CO m ixed w ith  
r e a c ta n ts  (com ixed), and  w ith  CO c o n ta c te d  w ith  th e  c a ta ly s t  p rio r  to  
in tro d u c tio n  o f o th e r  com ponents (p read so rb ed ). C onversion v e rsu s  tim e 
fo r eac h  o f th e s e  cases is  g iv e n  in  F ig u re  4 -1  w hile th e  s e le c tiv i ty  to  
e th y le n e  fo r each  case is  g iv en  in  F ig u re  4 -2 .  We observed  a  s tro n g  
e ffe c t in  o v e ra ll reac tio n  r a te  w hen CO was added b u t th e re  is  l i t t l e
d iffe re n ce  w h e th e r CO is com ixed o r p read so rb ed  on th e  c a ta ly s t .  CaH^
s e le c t iv i ty  is  n o t a  s tro n g  fu n c tio n  o f  co n v ers io n  as  in  F igure  4 - 2  b u t 
CO does a p p e a r  to  modify th e  s e le c t iv i ty  and  th e  o rder o f CO ad d itio n
(com ixed or p readso rbed ) h a s  a  m ino r b u t observab le  e ffe c t on th e
s e le c tiv i ty .
Sam ples d ep ic ted  in  F igu res 4 - 1  a n d  4 - 2  h av e  also  been  su b jec ted  
to  d eu te riu m  c o n te n t a n a ly s is  and  th e  e th y le n e  d is tr ib u tio n s  a re  d e ta ile d  
in  T ab le  4 -1 .  We have  found th a t  th e  d eu te riu m  product d is tr ib u tio n  is  
v ir tu a l ly  in d e p en d en t of co n v ers io n , so  th e se  v a lu es  hav e  been  rep o rte d  
in  th e  v ic in ity  o f 50% con v ers io n . In  a l l  ca se s , a dom inance o f th e  d2 
e th a n e  sp ec ie s  w as observed  b u t b ro ad en in g  o f th e  d is tr ib u tio n  a t  th e  
ex p en se  o f th e  d 2 in te n s ity  w as n o ta b le  w hen CO was comixed or 
p read so rb ed .
4 .2 .2 . E th y le n e  D eu te ra tio n
S im ilar experim en ts  w ere perfo rm ed  fo r th e  e th y le n e  d e u te ra tio n  
re a c tio n . The r a te  o f th e  e th y le n e  re a c tio n  is s e v e ra l o rd e rs  o f 
m agn itu d e  f a s te r  th a n  th e  a c e ty le n e  re a c tio n  so th a t  re a c tio n  co n d itio n s  
(m ost n o ta b ly  th e  reac tio n  te m p e ra tu re )  had  to  be a d ju sted  to  allow  th e  
o b se rv a tio n  o f  reaso n ab le  ra te s .  F ig u re  4 - 3  com pares th e  th re e  cases , 
no CO, 1.33 Pa CO comixed and  0 .13  Pa CO preadsorbed . T here  is
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F ig u re  4 -1 . CO e ffe c t on th e  r a t e  o f ace ty le n e  d e u te ra tio n  o v e r  
100 rag Pd/AfeOs a t  323 K. (Pc2na)o = 1 . 3  kPa. (Po2 >o 
= 1.3 kPa. Run 1, w ith o u t CO; Run 2, w ith  0.13 k P a  
CO com ixed; Run 3, w ith  0 .13  kPa CO p read so rb ed .
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Figure 4 -2 .  E th y le n e  s e le c t iv i ty  in a c e ty le n e  d e u te ra tio n  o v er 
Pd/Al2C>3. E xperim en ta l cond itions a n d  ru n  ty p e s  as  
in  F ig. 4 - 1 .
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Table 4 - 1 .  E ffec t o f  CO on a c e ty le n e  d e u te ra tio n  
(CsH2 1.3kPa, Ds 1.3kPa a t  323 K, 100 mg c a ta ly s t)
E th y len e  D D is trib u tio n  P a ram e te rs1* Conv(%) Sc2 H4c
do di d2  d3 d< M* p q s
Run 1 (W ithout CO)
Exp.d .0 .151 .636 .180 .033 2 .095 53.6 90.0
Calc.b .0 .152 .636 .182 .030 .59 1.0 .80
Run 2 (With 0.13kPa CO, comixed, CO/Pd = 9.2)
Exp.d .0 .202 .569 .191 .038 2 .065 59.8 93.1
C alc.b .0 .202 .569 .191 .038 .54 1.0 .71
Run 3 (With 0.13kPa CO, p readso rbed , CO/Pd = 9.2)
Exp.d .0 .187 .597 .178 .038 2.067 48.5 96.7
C alc.b .0 .188 .598 .182 .032 .57 1.0 .74
C alcu la ted  D euterium  D is tr ib u tio n 1* 
A cety lene  Vinyl (Surface Species)
do di d 2 Ma do di d2 d3 Ma
Run 1 .744 .218 .038 .294. .002 .742 .220 .038 1.296
Run 2 .699 .248 .054 .366 .000 .699 .248 .054 1.357
Run 3. .726 .230 .044 .318 .002 .726 .228 .044 1.313
a A verage d atom s /  m olecule 
b C a lcu la ted  from K em ball's m ethod 
c Sc2K4 =  Y c2H</( Yc2H4 +  Yc2 H6 ) 
d E xperim en ta l r e s u l t
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Figure 4 -3 .  CO e f fe c t on th e  r a te  o f e th y le n e  d e u te ra tio n  o v er 
10 mg Pd/AlaOa a t  223K ( P c z h O o = 1 3  kPa, (PnaJo 
= 13 kPa. Run 1, w ith o u t CO; Run 2, w ith  1.33 Pa CO 
com ixed; Run 3, w ith  0 .13 Pa CO p read so rb ed .
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v ir tu a l ly  no o b se rv ab le  e f f e c t  on th e  co n v ers io n  v e rsu s  tim e cu rv e  fo r 
e th y le n e  d e u te ra tio n  w hen CO is  p read so rb ed  a t  0.13 Pa. A t 1.33 Pa 
comixed CO, how ever, we s e e  a  s tro n g  po ison ing  o f  th e  re a c tio n  a t  h igh  
co n v ers io n s , b u t  th e  in i t ia l  r a t e  is  on ly  s lig h tly  a ffec ted .
The deu terium  d is tr ib u tio n s  o f th e  e th y le n e  r e a c ta n t  an d  e th a n e  
p ro d u c t a re  g iven  in  T ab le  4 - 2 .  The m ost a b u n d a n t p ro d u c t sp e c ie s  was 
d i -  e th a n e , w hich a g re e s  w ith  B ond's r e s u l t  (1966a) a t  s im ilar 
co n d itio n s . With added  CO, th e  m ost a b u n d a n t sp ec ies  ch an g ed  to  
d a -e th a n e  and th e  d is tr ib u tio n  becam e narrow er. A lso n o te  t h a t  0.13 Pa 
of CO p readso rbed  on th e  c a ta ly s t  a ffe c te d  th e  e th a n e  d is tr ib u tio n  (w ith  
re sp e c t to  th e  b ro ad n ess  o f  th e  d is tr ib u tio n )  to  a  g re a te r  e x te n t  th a n  
1.33 Pa o f comixed CO w ith o u t a  s ig n if ic a n t change in  th e  re a c tio n  r a te  
(F igure 4 -3 ) .
4 .2 .3 . E th y len e  D isp lacem en t S tu d y
D isplacem ent e x p e rim e n ts  show s th a t  CO ad so rp tio n  can  p roceed  on 
an  e th y le n e -p re c o v e re d  s u r fa c e  (F igure  4 -4 ) .  E th y len e  an d  e th a n e  
p ro d u c ts  w ere o bserved  w hen CO p u lse s  were added  re p e a te d ly  to  th e  
p reco v ered  su rface .
4.3 D iscussion
A q u a n t i ta t iv e  a n a ly s is  o f th e  p ro d u c t d is tr ib u tio n  o f d e u te ra te d  
sp ec ie s  from th e  a c e ty le n e  o r  e th y le n e  re a c tio n  is  p ossib le  by {Cembali's 
m ethod (1956). T able 4 -1  c o n ta in s  a  sy n o p sis  o f th e se  c a lc u la tio n s  fo r 
th e  a c e ty le n e  d e u te ra tio n  re a c tio n  w ith  an d  w ith o u t CO. C a lcu la ted  and  
ex p erim en ta l d is tr ib u tio n s  show e x c e lle n t ag reem en t. The com puted 
p a ram e te rs  p, q, and  s d id  n o t show a tre n d  w ith  co n v ers io n  fo r th e
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T able 4 - 2 .  E ffec t o f CO on e th y le n e  d e u te ra tio n  
(C2 H4  13 kPa, Ds 13 kPa a t  223 K c a ta ly s t  10 mg)
E th y len e  
d i  d2 d3 d4
E th an e
do d i  d 2  d3 (I4 do d6
Run 1 (W ithout CO)
Exp.® .160 .009 .0 .0 .091 .266 .264 .116 .067 .028 .0
C alc.b .144 .053 .013 .002 .088 .269 .271 .116 .037 .008 .0
Run 2 (With 1.33 Pa CO, com ixed, CO/Pd = 0.9)
Exp.® .157 .0 .0 .0 .082 .191 .337 .127 .079 .027 .0
C alc.b .143 .052 .013 .002 .039 .213 .337 .142 .047 .011 .001
Run 3 (W ith 0.13 Pa CO, p read so rb ed , CO/Pd =  0.1)
Exp.® .202 .0 .0 .0 .097 .132 .408 .110 .051 .0 .0
C alc.b .202 .047 .008 .001 .016 .159 .415 .119 .027 .004 .0
K em ball's P aram eters^  O verall
P* q* r* s* C onversion (%)
Run 1 0.88 0.55 0.78 0.58 13.9
Run 2 0 .84 0.71 0.71 0.71 13.1
Run 3 0.67 0.83 0.62 0.83 14.0
a E x perim en ta l r e s u l t  
b C a lcu la ted  from  K em ball's m ethod
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F ig u re  4 - 4 .  D isp lacem ent o f p re a d so rb e d  e th y le n e  by CO p u lses .
T em p era tu re  fo r e th y le n e  ad so rp tio n  an d  CO d isp la c e ­
m en t =  193 K. T he re sp o n se  o f CO h a s  been  d iv id ed  
by  1000.
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th re e  c a se s  (no CO, com ixed, an d  p read so rb ed ). O nly m inor e f fe c ts  a re  
n o ted  a s  a  fu n c tio n  o f co n v ers io n  an d  th e  p re sen ce  o f CO and  th e  
c o n ta c tin g  m ethod h as  only  a  s lig h t e ffe c t.
O ur p rim ary  co n sid era tio n  is  how CO a f fe c ts  th e  d is tr ib u tio n  of 
su rfa c e  sp ec ie s  a n d  th e  u ltim a te  mode by  w hich th e  r a te s  o f re a c tio n  
and  th e  s e le c t iv i ty  to  e th y le n e  a re  a f fe c te d  by CO. C learly , th e  o v e ra ll 
d eu te riu m  c o n te n t of a ce ty le n e  goes up  w hen CO is  added  (see  v a lu e s  
fo r M in  T ab le  4 -1 )  and  th e re  is  a  co rresp o n d in g  in c re a se  in  th e  
d eu te riu m  c o n te n t of th e  adso rbed  v in y l sp ec ie s  (T able 4 -1 ) .  However, 
th e re  is  s im u ltan eo u sly  a drop in  th e  d eu te riu m  c o n te n t o f th e  e th y le n e  
p ro d u c t w hen CO is  added (T able 4 -1 ) .  T hese  o b se rv a tio n s  may be 
e x p la in ed  a s  follows. According to  Bond's m echanism  (1963; an d  a  rev iew  
by Webb, 1978) fo r  a ce ty le n e  h y d ro g en a tio n  o v er Pd (see  a lso  F igure 
4 -5 ) ,  hydrogen  (deuterium ) a d so rp tio n  is  i r re v e rs ib le  an d  e th y le n e  
fo rm ation  proceeds p rim arily  by v in y l d isp ro p o rtio n a tio n  (re a c tio n  4, 
F igure 4 - 5 )  su g g estin g  th a t  th e  hydrogen  w hich is  form ed du ring  v in y l 
d isp ro p o rtio n a tio n  is  n o t desorbed . N otice th a t  w hen D2  is  u sed  as  th e  
gas p h a se  re a c ta n t ,  th is  d isp ro p o rtio n a tio n  p ro v id es  a  so u rce  o f H atom s 
w hich is  th e  reaso n  th a t  th e  e th y le n e  p ro d u c t is  n o t e x c lu s iv e ly  
d2 - e th y le n e .  Hydrogen atom s l ib e ra te d  by v in y l r e v e rs a l  m ust e i th e r  
com bine w ith  ace ty le n e  or v in y l. When CO is  added  (e ith e r  befo re  or 
du ring  th e  re a c tio n ) , we hav e  o b ta in ed  a  d ec lin e  in  th e  p v a lu e  so v in y l 
r e v e rs a l ( re a c tio n  4a in  Fig. 4 - 6 ,  p ro b a b ility  1 -p )  is  en h an ced  over 
v in y l h y d ro g en a tio n  (reac tio n  4b in  F ig . 4 - 5 ,  p ro b a b ility  p). T h is  may 
be accom plished  i f  adsorbed  hydrogen  p roduced  by v in y l d isp ro p o rtio n a ­
tio n  is  d isp laced  by CO. However, th e  f a c t  t h a t  th e  re v e rs a l  re a c tio n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73





















































is  favored  e n su re s  a  h ig h e r  p o p u la tio n  o f H (w hich comes from th e  
h y d ro g e n -ric h  ra d ic a ls )  th a n  D a n d  we ex p ec t a  d ec lin e  in  th e  o v e ra ll 
deu terium  c o n te n t o f th e  e th y le n e  a s  observed . T h is  p o s tu la te  is  a lso  
c o n s is te n t w ith  th e  o b se rv a tio n  th a t  s, w hich is  th e  p ro b a b ility  of 
in co rp o ra tin g  d eu te riu m  in  v in y l h y d ro g en a tio n , d e c re a se s  w hich h as  a lso  
been  observed  (Table 4 -1 ) .
One problem  we h a v e  en c o u n te re d  is  t h a t  we w ould lik e  to  be ab le  
to  d is tin g u ish  w h e th e r th e  p rim ary  e ffe c t o f CO a d d itio n  on th e  
se le c tiv ity  to  e th y le n e  d u rin g  a c e ty le n e  h y d ro g en a tio n  is  to  red u ce  th e  
am ount of adso rbed  h y d ro g en  or th e  re a c t iv i ty  or am oun t o f adso rbed  
e th y len e . Though th e s e  r e s u l t s  show th a t  CO red u ces  su rfa c e  hydrogen , 
th e  ace ty len e  h y d ro g en a tio n  m echanism  (Bond 1963; an d  a  rev iew  by 
Webb, 1978), on w hich K em ball's  m ethod is  based  does n o t allow  u s  to  
make a d ire c t o b se rv a tio n  reg ard in g  p o ssib le  e ffe c ts  due  to  e th y le n e  
d isp lacem ent o r th e  b lockage  of e th y le n e  r e a c t iv i ty  b eca u se  one o f th e  
fundam en ta l assu m p tio n s  in  th e  m echanism  is  th a t  d e so rp tio n  o f adso rbed  
e th y le n e  is  c e r ta in  (p ro b a b ility  = 1.0) and  th a t  f u r th e r  re a c tio n s  of 
e th y le n e  a re  im possible. T h is  re q u ire s  th e  s e le c t iv i ty  to  e th y le n e  to  be 
100% which of cou rse  is  n o t  q u ite  tru e . T herefo re , th e  r e la t iv e  e ffe c ts  
on adsorbed  hydrogen  a n d  e th y le n e  c a n n o t be deduced  u s in g  th is  
m echanism . We h av e  c o n s id e re d  ex ten d in g  Bond's th e o ry  to  allow  a sm all 
p ro b ab ility  o f e th y le n e  h y d ro g en a tio n , b u t th e  e q u a tio n s  become very  
complex and we h a v e  b een  u n ab le  to  a c c u ra te ly  m easu re  th e  e th a n e  
deu terium  d is tr ib u tio n  b e c a u se  i t  a r is e s  in  such  low c o n c e n tra tio n s  ( th e  
s e le c tiv i ty  to  e th y le n e  is  in d eed  h igh ). T h ere fo re , we h av e  tu rn e d  to
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m easu ring  th e  e f fe c t of CO on th e  h y d ro g e n a tio n  o f e th y le n e  d ire c tly  and  
hope to  be  ab le  to  use th is  d a ta  in  f u r th e r  d iscu ss io n s  regard in g  th e  
s e le c tiv e  h y d ro g en a tio n  o f th e  a c e ty le n e .
T he c a lc u la tio n  re s u lts  fo r e th y le n e  d e u te ra tio n  a re  g iven in  T able 
4 -2 .  U nlike th e  case  for a c e ty le n e  d e u te ra tio n , Kem ball's p a ra m e te rs  
(e x tra c te d  from b o th  th e  e th a n e  an d  e th y le n e  deu teriu m  d is tr ib u tio n s )  
a re  s tro n g ly  d ep en d e n t upon d eg ree  o f  co n v ers io n  a s  in F igure  4 -6 .  
D euterium  d is tr ib u tio n s  a re  d if f ic u lt to  o b ta in  in  th e  low co n v ers io n  
reg ion  b e c a u se  th e  am ount o f e th a n e  is  n o t  la rg e  enough  to be an a ly zed  
a c c u ra te ly . High conversions o f e th y le n e  ten d  to  give random ly 
scram bled  p ro d u c ts  so th a t  a ll r e a c tio n s  e x tra p o la te  toward th e  sam e 
p a ra m e te rs . T h ere fo re , we h av e  ch o sen  to  com pare p aram eters  n e a r  14% 
co n v ers io n  w hich is  th e  low est p ra c t ic a l  co n v ers io n  fo r which re lia b le  
d a ta  cou ld  be e x tra c te d . In e th y le n e  d e u te ra t io n , th e  ca lcu la ted  p ro d u c t 
d is tr ib u tio n  a lso  shows rea so n ab le  a g re e m e n t w ith  the  ex p erim en ta l 
d is tr ib u tio n s . T he va lu es  o f  K em ball's p a ra m e te rs  show ed la rge changes 
w ith  CO, re f le c tin g  th e  co rresponding  c h a n g e s  in  th e  p roduct d is tr ib u tio n . 
We a lso  o b se rv e  th a t  p readsorbed  CO h a s  th e  g r e a te s t  e ffe c t on K em ball's 
p a ra m e te rs  e v en  a t  th e  low est p a r t ia l  p re s s u re  of CO.
T ab le  4 - 2  shows th a t  th e  v a lu e s  o f p* an d  r* dropped w ith 
a d d itio n  o f CO w hile th o se  of q* a n d  s* In creased . These r e s u l t s  a re  
e q u iv a le n t  to  an  in c rease  in  th e  p ro b a b il i ty  of d eso rp tion  o f e th y le n e  
1 -p* , a  d ec re a se  in  the  p ro b a b ility  o f  re v e rs a l  o f  e th y l r*. and  
in c re a se s  in  th e  p ro b ab ilitie s  o f  d e u te r iu m  in co rp o ra tio n , q* a n d  s*. In 
o th e r  w ords, w hen CO is  added , e th y le n e  d eso rp tio n  is  favored , e th y l 
r e v e rs a l  is  su p p re sse d , an d  h y d ro g e n a tio n  depends le ss  on su rfa c e  
hydrogen  w hich comes from th e  h y d ro g e n - r ic h  adsorbed  h y d rocarbon
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Figure 4 -6 . K em ball's p a ra m e te rs  in  e th y len e  d e u te ra tio n  o v e r  
Pd/AI2O3 . E x p erim en ta l cond itions as in  Fig. 4 - 3 .
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sp ec ies. With a  d ec re ase  in  ad so rb ed  e th y len e , f u r th e r  d eu te riu m  
ex ch an g e  betw een  e th y le n e  and  e th y l  would d ecrease . With th e  d ec re a se  
o f e th y l re v e rs a l ,  th e  am ount o f  su rfa c e  hydrogen  would d e c re a se  and  
th e  d e u te ra t io n  re a c tio n  would dep en d  more on d eu te riu m  from  th e  g as  
p h ase . T here fo re , th e  p ro d u c t from  th e  d e u te ra tio n  o f  e th y le n e , 
d2 - e th a n e ,  is  ex p ec ted  to  be p red o m in an t and  th e  d eu te riu m  d is tr ib u tio n  
in  e th a n e  shou ld  become a  n arro w er, which ag ree s  w ith  th e  ob serv ed  
changes in  th e  ex p erim en ta l d eu te riu m  d is tr ib u tio n .
T he o b se rv a tio n  th a t  th e  p ro b a b ility  o f e th y le n e  d e so rp tio n  is  
en h an c ed  in  th e  p resen ce  o f CO can  be exp la in ed  by tw o possib le  
a l te rn a t iv e s .  The f i r s t  p o ss ib ili ty  is  d ire c t d isp lacem en t o f adso rbed  
e th y le n e  by CO d u rin g  th e  re a c tio n , and  th e  second  p o s s ib il i ty  is  a  
d ec re a se  in  th e  a v a i la b i l i ty  o f s u r fa c e  hydrogen fo r th e  co n v e rs io n  o f 
ad so rb ed  e th y le n e  in  w hich case  i t  would be more lik e ly  t h a t  e th y le n e  
d eso rbs  r a th e r  th a n  re a c ts . If  th i s  l a t t e r  case  is  th e  m ain re a so n  th a t  
CO en h a n c e s  e th y le n e  d eso rp tion , we should  observe  a  p a ra l le l  d ec re ase  
in  th e  p ro b a b ility  o f e th y l h y d ro g en a tio n , 1 - r ,  s in c e  th e  so u rce  o f 
h yd rogen  in  th e  tw o a d d itio n a l s te p s  a re  th e  sam e. (The p a ra m e te rs  q 
an d  s , w hich  re p re s e n t th e  source  o f hydrogen, w ere s im ila r  In  each  case  
a s  seen  in  T able 4 -2 ) .  But th e  o b served  re s u lt  is  th e  o p p o site ; an  
in c re a se  in  th e  p ro b a b ility  o f e th y l h y d ro g en a tio n  w as o b se rv ed .
F u rth erm o re , th e  ob serv ed  o v e ra ll e th y le n e  d eu te riu m  d is tr ib u tio n  
c a n n o t b e  ex p la in ed  by th e  h yd rogen  d isp lacem en t th e o ry . T he e th y le n e  
d eu te riu m  d is tr ib u tio n  depends on th e  re la tiv e  r a te s  o f th e  d eu te riu m  
ex ch an g e  re a c tio n  and  th e  d ire c t h y d ro g en a tio n  (d e u te ra tio n )  re a c tio n . 
I f  th e  s u rfa c e  co n c e n tra tio n  o f hydrogen  is  reduced , th e  ad so rb ed  
h y d ro carb o n  in te rm e d ia te  CzXnta) w ould ten d  to  undergo  th e  re v e rs e
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reac tio n  r a th e r  th a n  th e  forw ard h y d ro g en a tio n  r e a c tio n  so th a t  the  
degree o f  d eu te riu m  exchange  would in c re a se . T h is  i s  s im ila r  to  th e  
o b se rv a tio n s  a lre a d y  made fo r ace ty le n e  d e u te ra t io n . However, for 
e th y le n e  d e u te ra tio n , CO cau sed  a  d ec rease  in  th e  d e u te riu m  exchange, 
ev idenced  by a  s h a rp e r  d is tr ib u tio n  around dz e th a n e . T h erefo re , i t  is  
concluded th a t  d ire c t  d isp lacem en t of e th y le n e  b y  CO is  th e  main 
reaso n  fo r th e  re d u c tio n  in  su rface  e th y len e . The e th y le n e  disp lacem ent 
experim en t show ed d ire c tly  th a t  CO can  d isp la ce  e th y le n e  p read so rb ed  on 
Pd (F igure  4 -4 ) ,  a n d  th e re fo re  th e  a l te rn a t iv e  th a t  CO d ire c tly  d isp laces 
adsorbed  e th y le n e  is  fea s ib le .
O ur r e s u l t s  a lso  show th a t  p readso rbed  CO is  more e ffe c tiv e  in  
a lte r in g  th e  e th a n e  d eu te riu m  d is tr ib u tio n  th a n  com ixed CO ev en  though 
a  sm alle r am oun t o f p readso rbed  CO w as u sed . T h e  r e la t iv e ly  small 
am ount o f  p read so rb ed  CO (0.1 CO/Pd), how ever d id  n o t s ig n ifican tly  
a l te r  th e  h y d ro g e n a tio n  r a te .  These o b se rv a tio n s  a r e  e a s ily  explained . 
P readso rbed  CO (0.1 CO/Pd) sim ply d ilu te s  th e  su rfa c e  c o n ce n tra tio n  of 
e th y len e . Since th e  hyd rogenation  re a c tio n  in v o lv e s  one su rface 
hydrocarbon  sp e c ie s  and  su rface  hydrogen, we e x p e c t a  red u c tio n  in  
su rface  h y d ro c a rb o n s  to  lin e a r ly  a ffe c t th e  r a te  o f  th e  hydrogenation  
reac tio n . E xchange occurs  prim arily  v ia  d is p ro p o r tin a tio n  o f two surface  
hydrocarbons, so we ex p ec t a  g re a te r  e ffe c t on th e  e x ch a n g e  reac tio n  as 
observed . In th e  p re a d so rp tio n  case, CO does n o t h a v e  to  com pete with 
e th y len e  w hile in  th e  com ixed case, i t  m ust d isp la ce  e th y le n e . In Figure 
4 -3 , we see  t h a t  th e  in i t ia l  ra te  of th e  e th y le n e  r e a c tio n  is  s im ilar in 
a ll ca se s . However, th e  r a te  o f th e  re a c tio n  fa lls  r a p id ly  in  th e  comixed 
case a s  CO co v e ra g e  in c re a se s  v ia  su ccessfu l co m p etitio n  w ith  e thy lene 
fo r su rfa c e  s i te s .
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With th e se  r e s u l t s  in  h a n d , we tu r n  o u r a t te n tio n  to  th e  a p p lic a tio n  
o f th e se  th e o rie s  to  th e  s e le c t iv e  rem oval o f ace ty len e  from raw  e th y le n e  
s tream s and  th e  e ffe c t o f CO u n d e r  co n d itio n s  n e a re r  to  th e  a c tu a l  
cond itio n s  used  in d u s tr ia lly .  F ir s t ,  o u r s tu d ie s  have been  p erfo rm ed  a t  
subam bien t te m p e ra tu re s  w hile  r e a l  p ro cesse s  operate  a t  a b o u t 3 3 3 -3 5 3  
K. However, Bond (1966b) h a s  show n th a t  th e  effect o f te m p e ra tu re  on 
b o th  th e  ace ty le n e  and  e th y le n e  h y d ro g en a tio n  re a c tio n s  a re  s im ila r. 
H igher te m p era tu re s  g e n e ra lly  p rom ote co n v ers io n  of a c e ty le n e  to  v in y l 
o r e th y le n e  to  e th y l r a th e r  th a n  ca u s in g  a  com plete s h i f t  in  re a c tio n  
m echanism . T here fo re , we c a u t io u s ly  su g g es t th a t  th e  r e s u l ts  h av e  
o b ta in ed  a re  roug h ly  a p p lic a b le  to  in d u s tr ia l  tem p era tu re s . A lso , we 
m ust consider th a t  we h a v e  s tu d ie d  th e  ace ty len e  re a c tio n  a t  high 
p a r t ia l  p re s su re s  o f a c e ty le n e  com pared to  in d u s tr ia l c o n d itio n s  w here 
th e  a c tu a l p rocess s tream  m igh t be o f  th e  o rd er 0.35% a c e ty le n e , 0.40% 
H2 , and  th e  b a lan ce  e th y le n e  w ith  th e  re a c tio n  proceeding n o m in a lly  a t  
a tm ospheric  p re ssu re . U nder th e s e  co n d itio n s  n e a re r  th e  a c tu a l  
cond itions, e th y le n e  may s u c c e s s fu lly  com pete w ith a c e ty le n e  fo r Pd s i te s  
(Guczi, 1979) w hile o u r c o n d itio n s  v i r tu a l ly  exclude th is  p o ss ib ili ty .
Now co n sid er th e  o v e ra ll co n v e rs io n  p ro cesses  w hich p ro b ab ly  occur 




(from a d so rp tio n  o f excess CsH« in  th e  feed )
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To form C2H6 from  C2H2, th e  e th y len e  In te rm e d ia te  w hich is  p roduced v ia  
s in g le  h y d ro g en a tio n  o f ace ty le n e  undergoes a  second  h y d ro g en a tio n , or 
ac e ty le n e  is  h y d ro g en a ted  a f te r  a  s in g le  a d so rp tio n  to  C2H6. A nother
source o f  C2H6  is  v ia  hyd rogenation  o f  e th y le n e  w hich com petes fo r  Pd 
s ite s . McGown e t  a l. (1977, 1978) su g g es ted  t h a t  C2H6 comes m ain ly  from 
gas  p h ase  C2H< w hen s tu d y in g  th e  e th y le n e - r ic h  m ix tu re , C2H2 14%, C2H« 
67%, H2  29%. However, o th e rs  such  a s  Guczi e t  a l. (1979) and  A l-A m m ar 
e t  al. (1979) a rg u e  th a t  th e  main ro u te  to  C2 H6  is  d ire c t  h y d rogenation  
o f C2H2 b u t th e i r  experim en ts  w ere done w ith  a c e ty le n e - r ic h  m ix tu res . 
A no ther p roposed  ro u te  to  C2H6  fo rm ulation  w as g iv en  by S arkany  e t  al. 
(1984) a s  C2H4 h y d ro g en a tio n  on su p p o rt s i te s  o f aged  c a ta ly s ts .  Our 
re s u lts  su g g e s t th a t  CO d isp laces e th y le n e  o r b locks ad so rp tio n  of
e th y len e , w hich fa v o rs  th e  th eo ry  th a t  th e  p rim ary  e f fe c t o f CO is  to  
slow th e  fo rm ation  o f C2 H6 by  reducing  adso rbed  e th y le n e , n o t by h a ltin g  
d ire c t h y d ro g en a tio n  o f ace ty le n e  to  e th a n e  th ro u g h  th e  e th y lid y n e  
species.
C onversely , A l-A m m ar e t  a l. (1978a, 1978b, 1979) suggested  th e
prim ary  e f fe c t o f CO on e th y len e  h y d ro g en a tio n  is  to  block hydrogen 
ad so rp tio n  s i te s .  T hey p o s tu la te d  t h a t  e th y le n e  ad so rb s  d is so c ia tiv e ly  
on m eta l s i te s  a n d  m olecularly  on o th e r  s i te s ,  p o ssib ly  carbonaceous 
o v e rla y e rs , a s  a  seco n d ary  adso rp tion . This seco n d a ry  ad so rp tio n  was 
th o u g h t to  be in v o lv ed  in  h y d ro g en a tio n  an d  w as found to  be
in d e p en d en t o f CO p read so rp tio n . However, o u r C2 H4 d isp lacem en t 
ex p erim en ts  show  th a t  adso rbed  e th y le n e  can  be d isp laced  as  e th y le n e  by 
CO. T h is o b se rv a tio n  in d ic a te s  th a t  e th y le n e  ad so rb s  on th e  m etal 
su rface  a s s o c ia t iv e ly  to  some e x te n t, i f  we assum e th a t  CO adso rbs  only
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on m e ta l s i te s .  O ur d eu te riu m  t r a c e r  experim en ts  a lso  show ed th a t  
carbon  m onoxide d isp la ces  e th y le n e  th a t  is  d ire c tly  in v o lv ed  in  th e  
h y d ro g en a tio n , and  th e s e  o b se rv a tio n s  can n o t be ex p la in ed  w ith  th e  
seco n d ary  a d so rp tio n  th eo ry .
An e ffe c t on hydrogen  ad so rp tio n  s i te s  w as a lso  su g g ested  in  th e  
s tu d y  by  L ev in ess  e t  a l. (1984) an d  Weiss e t  al. (1984), who a rgued  th a t  
CO e ffe c tiv e ly  com petes w ith  hydrogen  atom s fo r  e th y le n e  hydro ­
g en a tio n , w hile reducing  th e  r a te  o f a c e ty le n e  h y d ro g en a tio n . The 
p o ss ib ili ty  t h a t  CO blocks e th y le n e  ad so rp tio n  was excluded  sin ce  th e  
p rim ary  s i te s  fo r e th y le n e  a d so rp tio n  d u ring  th e  s e le c tiv e  hyd rogenation  
o f a c e ty le n e  w as th o u g h t to  be  su p p o rt s i te s  w hich a r e  a c t iv a te d  by th e  
accu m u la tio n  of su rface  polym er. We can n o t m ake a  d ire c t com parison of 
our r e s u l t s  w ith  th is  s tu d y  s in ce  we h a v e  s tu d ie d  fre sh  c a ta ly s ts .
4 .4  C onclusions
1. A ddition  o f CO to  th e  re a c tio n  m ix tu re  in c re a se d  th e  p ro b ab ility  
o f e th y le n e  d eso rp tio n  d u rin g  th e  e th y le n e  d e u te ra tio n  experim en t, which 
is  a sc rib e d  to  CO d isp lacem en t o f e th y len e .
2. CO a d d itio n  d ec reased  th e  p ro b a b ility  o f h y d ro g en a tin g  adsorbed  
v in y l in  a c e ty le n e  d e u te ra tio n , w hich is  caused  by  d isp lacem en t of 
su rfa c e  hydrogen  by CO.
3. In th e  In d u s tr ia l  p ro cess  o f s e le c tiv e  h y d ro g en a tio n , w here 
in d e p e n d e n t h y d ro g en a tio n  o f  e th y le n e  is s ig n if ic a n t, th e  s e le c tiv ity  
Im provem ent w ith  CO ad d itio n  is  la rg e ly  due to  d isp lacem en t o f e th y len e  
r a th e r  th a n  th a t  o f hydrogen.
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V. TPR STUDIES OP ACETYLENE AND ETHYLENE ADSORPTION ON Pd
In th is  c h a p te r , th e  developm en t o f th e  TPR ex p erim en t an d  i t s  
ap p lic a tio n  to  th e  a d so rp tio n  o f a c e ty le n e  and  e th y le n e  on Pd/AlzC>3 and  
Pd/SiOs to  in v e s t ig a te  th e  b eh av io r o f th e  su rfa c e  sp ec ie s  is  rep o rted .
6.1 Adiustment of TPR Conditions and Interpretation of Spectra
The s ta n d a rd  co n d itio n s  fo r th e  a c e ty le n e  TPR ex p erim en t w hich a re  
d escrib ed  in  th e  se c tio n  3 .1 .4 .3 . (ex p erim en ta l se c tio n ) h a s  been  
d eterm ined  a f te r  s e v e ra l  e x p lo ra to ry  TPR ex p erim en ts  a t  v a rio u s  
co n d itio n s  to  g e t m ean ingfu l TPR sp e c tra .
A subam bien t te m p e ra tu re  w as u sed  fo r th e  a d so rp tio n  o f a c e ty le n e  
to  minimize decom position b u t v e ry  low te m p e ra tu re  re s u lte d  in ex ce ss iv e  
p h y s iso rp tio n  o f a c e ty le n e , w hich in te r fe re d  th e  TPR sp e c tra . In o rd er to  
In v e s tig a te  e ffe c ts  a s so c ia te d  w ith  p h y sica lly  ad so rb ed  a c e ty le n e , a  
s e r ie s  o f  experim en ts  on Pd/AhOa, Pd/Si02, AI2O3 and  Si02 w ere perform ed. 
R esu lts  g iven  in  T ab le  5 -1  show th e  e ffe c t o f p h y siso rb ed  a c e ty le n e , and  
we Im m ediately n o te  p h y siso rb ed  a c e ty le n e  in  la rg e  q u a n t i t ie s  rem ain ing  
on th e  alum ina su p p o r t ev en  a f te r  ex ten d ed  flu sh in g  (> 30 m in.) w ith  He. 
The S102 su p p o rt show s co n sid e rab ly  le s s  physiso rb ed  C2H2  th a n  AI2 O3  and  
th is  a p p a re n tly  t r a n s la te s  to  much sm alle r q u a n ti t ie s  o f C2 p ro d u c ts  
w hich a re  o b ta in ed  from  Pd/Si02 u n d e r TPR co n d itio n s  th a n  from Pd/Al203. 
N otice th a t  C4 -C 6 p ro d u c ts  from Pd/SiOz com pare c lo se ly  to  Pd/A l2 C>3 . 
A lso, com pare th e  y ie ld  o f C2  sp ec ie s  from AI2O3  (36 .80  pm oles/g as  
a c e ty le n e )  to  P d /A h03 (38.42 pm oles/g  a s  e th y le n e  an d  e th a n e )  and  
com pare Cz spec ies  from S102 (1.85 pm oles/g) to  Pd/SiOz (4.48 pm oles/g). 
In  th e  case  of Pd/Al203, th e  v a s t  m a jo rity  o f th e  C2  p ro d u c ts  th e re fo re
82
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T ab le  5 -1 .  E ffec t o f P h y siso rb ed  A ce ty len e  on A cety lene  TPR 
(146.3 Pa CzHs p a r t i a l  p re s su re , 15 min. 
exposu re , 223 K, 100 mg c a ta ly s ts )
Pd/A l203 Pd/SiOa AlaOs SlOa
pm ole/g T(K) pniole/g T(K) pm ole/g T(K) pmole/g T(K)
a c e ty le n e — — — — 36.80 257 1.85 261
e th y le n e 10.01 219 - - - - - -
e th a n e 28.41 222 4.48 248 - - - -
n - b u ta n e 4.24 242 4.21 254 - - - -
n -h e x a n e 1.43 292 1.41 307 - - - -
b enzene 1.06 337 1.42 321 — — - —
0.12“ 573 0 .49“ 523 — — — —
c y c lo - 5.67 350 2.25 344 - — — —
h ex an e
a broad  peak , n o t com plete by  573 K
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m ay be a t t r ib u te d  to  m a te r ia l o rig in a lly  ad so rbed  on th e  su p p o rt. 
However, we find  th a t  e th a n e  and  e th y le n e  e lu te  from Pd/AhC>3 d u rin g  
TPR a t  m uch low er te m p e ra tu re s  (colum n 1) th a n  ace ty le n e  from AI2 O3  
(colum n 3). Our in te rp re ta t io n  o f  th e s e  phenom ena a re  th a t ,  as 
p h y s lso rb ed  ace ty le n e  e lu te s  slow ly from th e  su p p o rt du ring  TPR (in  th e  
case  o f Pd/Al*03>, i t  read so rb s  on v a c a n t Pd s i te s  w hich h av e  been 
c re a te d  by  hyd rogenation  o f a c e ty le n e  a n d  is  h y d ro g en a ted  to  e th a n e  and 
e th y le n e . As we w ill d iscu ss  in  c h a p te r  6, th e re  a re  sing le , iso la te d  Pd 
s i te s  w hich  can  accom m odate hydrogen  a d so rp tio n  and  supp ly  hydrogen 
fo r t h i s  re a c tio n . Since p h y slso rb ed  e th y le n e  and  e th a n e  on AI2O3 a t  
223K d e te rm in ed  by TPR in  s e p a ra te  ex p erim en ts  w ere sm all com pared to 
a c e ty le n e  physlso rb ed  on AI2O3 , e th a n e  and  e th y le n e  p roducts  from TPR 
o v er Pd/Al203 would e lu te  much f a s te r  th a n  a c e ty le n e  since  th e y  a re  no t 
ad so rb ed  on AI2 O3  a s  s tro n g ly  a s  a c e ty le n e  (a c e ty le n e  probab ly  undergoes 
m any a d s o rp tio n / d eso rp tio n  cycles  befo re  e lu tin g ) and  th e re fo re  ap p ea r 
a s  p ro d u c ts  a t  te m p era tu re s  low er th a n  a c e ty le n e  from AI2 O3 .
T he co n d itio n s  fo r TPR ex p erim en ts  h av e  been  ad ju s te d  so th a t  th e  
e ffe c t o f  u n d es ired  p h y s iso rp tio n  w as minim ized as  much a s  possib le. The 
c a ta ly s t  am oun t w as d ec reased  to  50mg an d  th e  c a ta ly s t  p a r tic le  s ize  to  
200 /325  m esh to  f a c i l i ta te  a c e ty le n e  flu sh in g . The ad so rp tio n  p re ssu re  of 
a c e ty le n e  was low ered to  73.2 Pa b u t  much low er ace ty len e  p re ssu re  
could n o t  be  used . When 20.0 Pa a c e ty le n e  w as adsorbed , a  la rg e r  am ount 
o f  h ig h e r  oligom ers w ere p roduced  a t  th e  ex p en se  o f C< and  Ce p roducts  
(T able 5 - 2 ) .  T hese  h ig h e r oligom ers w ere d if f ic u lt to  c a lib ra te  w ith  our 
sy stem  d u e  to  th e ir  low v ap o r p re ssu re .
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T able 5 -2 .  E ffec t o f A d so rb a te  P re ssu re  on TPR o f A cety lene 
(16 min. exposu re , 223 K, 50 mg Pd/AlsOs)
Pc2 B2  — 73.2 Pa 
(PdiCaHs = 1:9.5) 
pmole/g T(K)




=  1:2.6) 
T(K)
a c e ty le n e 1.16 205 - -
e th y le n e 7.78 213 1.42 215
e th a n e 34.82 215 17.90 220
n - b u ta n e 8.34 237 5.04 230
n -h e x a n e 2.99 288 1.34 286
benzene 0.70 325 - -
- - 0.56 490
0.88“ 640 0 .88“ 673
c y c lo - 7.66 340 1.77 338
h ex an e
Cb* 6.3 X 106 b 497 1.3 X 106 b 605
a b road  peak , n o t com plete by 673 K
b in te g ra te d  in te n s i ty  of m ass 43 c h a ra c te r is t ic  o f  Cb and  
h e a v ie r  p a ra ff in s .
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The ad so rp tio n  te m p e ra tu re  could n o t be ra ised  above  223K. When 
ad so rp tio n  was done a t  243K (T able 5 -3 ) ,  s ig n if ican t p o rtio n s  o f  h ig h e r 
hydrocarbon  p ro d u c ts  w ere found  to  be removed d u rin g  f lu sh in g . With 
203K ad so rp tion , th e  p h y s iso rp tio n  o f ace ty len e  w as much h e a v ie r  so 
t h a t  i t  in c re ased  th e  y ie ld s  o f e th a n e  s ig n if ican tly  and  ev en  a ffe c te d  
th a t  o f C< p roduct.
Though th e  C2  p ro d u c ts  in  a c e ty le n e  TPR ap p ea r to  a r is e  p rim arily  
from physlso rbed  a c e ty le n e , th e  C« and  C» oligom ers a re  r a th e r  
in se n s it iv e  to  th e  p re se n c e  o f p h y s ic a lly  adsorbed a c e ty le n e  u n d e r  th e  
ad so rp tio n  co n d itio n s  w hich  h a v e  b een  em ployed and  th e s e  o ligom ers w ere 
n o t  observed  during  th e  p o s ta d so rp tio n  flu sh ing  p ro cess . T h e re fo re , th e  
oligom ers a p p e a r to  r e p re s e n t  th e  p ro d u c ts  which can  be o b ta in e d  from 
th e  species w hich w ere o r ig in a lly  ad so rb ed  on Pd.
The rep ro d u c ib ility  o f  TPR s p e c tra  was te s te d  in  th re e  id e n tic a l 
ru n s . (Table 5 -4 ) .  In  th e  seco n d  ru n , th e  sam e c a ta ly s t  w as te s te d  a f te r  
red u c tio n  and  He purge w hile  new c a ta ly s t  from th e  sam e b a tc h  w as used  
in  th e  th ird  ru n . The r e s u l t a n t  sp e c tra  a re  sim ilar each  o th e r  to  allow  a 
re lia b le  com parison o f TPR sp e c tra  o b ta in ed  a t  d if fe re n t c o n d itio n s  
(ex cep t benzene whose p e a k s  w ere v e ry  broad  and incom plete  by th e  end  
o f  TPR run  so th a t  a c c u ra te  in te g ra tio n  could no t be o b ta in ed ).
The a c e ty le n e  TPR s p e c tr a  show ed s ig n ifican t ch an g e s  in  th e  y ie ld  
o f cyclic p ro d u c ts  w hen th e  sam e ex perim en t was done a f te r  som e tim e 
period  (as th e  TPR s p e c tr a  in  T ab le  5 - 2  and  Table 5 -4 ) .  T h is problem  
is  n o t a sso c ia ted  w ith  ru n  to  ru n  v a r ia b il i ty  bu t is  due to  a  ch an g e  in  
th e  p red ilu ted  a c e ty le n e /h e liu m  m ix tu re . Similar ch an g es in  cyclic  
oligom er y ie ld s w ere a lso  o b serv ed  in  th e  p re lim in ary  ex p e rim e n ts
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Table 5 -3 . Effect of Adsorption Temperature
(73.2 Pa C2H2 partial pressure, 16 min.
exposure, 50 mg Pd/AlzOs)
Tads =  2 0 3  K  
pm ole/g T (K )
Tads —
pm ole/g
2 2 3  K  
T (K )
Tada =  2 4 3  K  
pm ole/g T O O
a c e ty le n e 5 5 .5 2 2 1 9 1 .1 6 2 0 5 - -
e th y le n e 3 4 .7 6 2 2 0 7 .7 8 2 1 3 - -
e th a n e 5 3 .8 0 2 2 6 3 4 .8 2 2 1 5 7 .1 4 2 0 3
n - b u ta n e 1 1 .3 6 2 3 4 8 .3 4 2 3 7 5 .3 8 2 3 9
n -h e x a n e 3 .0 7 2 9 0 2 .9 9 2 8 8 3 .0 3 2 8 6
b en zen e 0 .6 6 3 2 7 0 .7 0 3 2 5 1 .6 9 3 2 8
0 .9 2 “ 6 0 1 0 .8 8 “ 6 4 0 0 .2 5 6 2 3
cy c lo -
h ex an e
7 .2 8 3 4 3 7 .5 6 3 4 0 7 .5 1 3 4 3
* b road  peak , n o t com plete by 673 K
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Table 5 -4 . Reproducibility of the TPR Spectra of Acetylene
(73.2 Pa CzH2 partial pressure, 16 min.











a c e ty le n e 4.60 213 0.16 219 - -
e th y le n e 10.95 216 13.20 216 12.09 217
e th a n e 37.19 2 2 1 39.67 2 2 1 39.56 2 2 2
n - b u ta n e 7.57 237 8.49 238 8.69 235
n -h e x a n e 2.99 287 3.10 288 3.07 288
benzene 3.16 328 2.36 329 1.62 329
0 .96c 629 0 .50c 625 2.35® 620
cy c lo -
h ex an e
10.59 341 10.78 342 10.09 338
* sam e c a ta ly s t  w as reduced  b e fo re  2 nd. ru n . 
b f re sh  c a ta ly s t of th e  sam e b a tc h  w ith  f i r s t  run . 
c b road  peak, n o t com plete by 673 K
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coupled  w ith  sm all changes  In th e  a c e ty le n e  a d so rb a te  p re ssu re . As long 
a s  th e  sam e d ilu tio n  m ix tu re  w as u sed , ru n  to  run  re p ro d u c ib ility  was 
o b se rv ed  an d  th e re fo re , in  each  ta b le  p re se n te d  in  th is  re p o r t w here we 
make column to  column com parisons, th e  sam e d ilu tio n  m ix tu re  w as used .
I t  w as n o t a ttem p ted  to  c a lc u la te  k in e tic  p a ra m e te rs  fo r desorbed  
p ro d u c ts  (such  a s  a c t iv a t io n  e n e rg ie s  o f  d eso rp tio n ) due to  v ir tu a lly  
u n a v o id a b le  experim en ta l d if f ic u ltie s  due to  h e a v y  p h y s iso rp tio n  of 
a c e ty le n e  d u rin g  th e  TPR ex p erim en t as  d iscu ssed  above . Our s ta n d a rd  
TPR co n d itio n s  w ere checked  fo r t r a n s p o r t  e ffe c ts  accord ing  to  G orte 's 
c r i te r ia  (1982) (See A ppendix B) and  th e re  is  a  p o ss ib ility  of 
c o n c e n tra tio n  g ra d ie n ts  in  th e  c a ta ly s t  p e lle t  ev en  th o u g h  o th e r  problem s 
su ch  a s  lag  tim e in  th e  c a ta ly s t  bed , g as  d iffu s io n  w ith in  th e  c a ta ly s t  
pore, and  re a d so rp tio n  of TPR p ro d u c ts  (o th e r  th a n  benzene  possib ly) 
w ere n o t p robab le . TPR ex p erim en ts  w ere th e re fo re  focused  on o b ta in in g  
q u a l i ta t iv e  in fo rm ation  on th e  a d so rp tio n  o f a c e ty le n e  and  e th y le n e  on 
Pd.
5 .2 R e su lts  o f  TPR ex p erim en ts
T he r e s u l t s  o f ace ty le n e  TPR a n d  TPD ex p erim en ts  ex ec u ted  a t  th e  
s ta n d a rd  co n d itio n  a re  g iven  in  T ab le  5 - 5  (See a lso  F igure  3 -9 a ,b  f6 r  
a c e ty le n e  sp e c tra ) . I t  is  shown in  th e  TPR s p e c tra  th a t  e th an e , 
a c e ty le n e , e th y le n e , n - b u ta n e ,  n -h e x a n e ,  benzene, an d  cyc lohexane  are  
form ed from ace ty le n e  ad so rp tio n  a t  223K. In c o n tra s t ,  on ly  a c e ty le n e , 
b en zen e  and  sm all am ount o f C« p ro d u c ts  w ere ob serv ed  in  TPD, w hich 
show a  p a r t ia l  reco v e ry  o f ad so rb ed  spec ies  from a c e ty le n e . A lm ost 50%
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Table 5 -5 . Comparison of Acetylene TPR and TPD
(73.2 Pa CsHz partial pressure. 15 min.





a c e ty le n e 1.16 205 38.07 253
e th y le n e 7.78 213 - -
e th a n e 34.82 215 - -
n - b u ta n e 8.34 237 1.98“ 304
n -h e x a n e 2.99 288 - -
benzene 0.70 325 7.94 334
0 .8 8 b 640 - -
cyclohexane 7.56 340 - -
to ta l  ca rb o n c 194. 132.
a sum  of all C< p ro d u c ts ; p rim a rily  b u te n es . 
b b road  peak, n o t com plete b y  673 K 
c to ta l  carbon recovered , pm ole/g
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more to ta l  carbon  in  th e  form o f v a r io u s  h y d rocarbons and  alm ost tw ice 
a s  much carbon  a s  oligom ers « V )  w ere reco v e red  in  th e  TPR experim en t 
v e rsu s  th e  TPD experim ent.
TPR sp e c tra  of e th y le n e  ad so rb ed  a t  203 a n d  298K a re  g iven  in
T able 5 -6 .  When e th y le n e  w as ad so rbed  a t  203K, a  sm all am ount of
e th a n e  was produced  along  w ith  p ro d u c tio n  o f benzene  an d  h igh  oligom ers 
a t  h ig h e r te m p e ra tu re s . A dsorp tion  a t  room te m p e ra tu re  p roduced  
m ethane , b u ta n e  and  h ex an e  in  ad d itio n  to  reduced  am oun ts o f e th a n e  
an d  h igh  oligom ers.
5 .3  D iscussion
When a c e ty le n e  is  adso rbed  on Pd a t  th e  b ase  co n d itio n s  o f 223K,
th e  su rfa c e  sp ec ie s  w ere reco v e red  p rim arily  a s  a l ip h a tic  oligom ers
(n -b u ta n e ,  n -h e x a n e )  and  cyclic  oligom ers (benzene, cyc lohexane) upon 
TPR a s  in  T ab le 5 -5 .  C2 p ro d u c ts  a re  be lieved  to  be th e  r e s u l t  of
a c e ty le n e  p h y slso rb ed  on A I2 O 3  a s  d iscu ssed  p rev io u s ly . A lipha tic
oligom ers a re  in  a d d itio n  to  benzene w hich h av e  been  o b served  by o th e r  
re s e a rc h e rs  u s in g  TPD (Tysoe e t  a l., 1983,1986; Logan e t  a l., 1986).
C yclohexane observed  in  ou r TPR is  b e lieved  to  be th e  h y d ro g en a ted  form 
of th e  benzene p ro d u c t. Our r e s u l ts  a re  s im ila r to  a  p rev io u s  the rm al 
d eso rp tio n  s tu d y  (Reid e t  a l., 1973c) on th e  e x is te n c e  o f C« and  C6
p ro d u c ts  from R h/s ilica . A lip h a tic  oligom ers a re  a lso  s im ila r to  p ro d u c ts  
o b serv ed  from th e  d ire c t h y d ro g en a tio n  o f a c e ty le n e  (Bond and  Wells, 
1965a).
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Table 5 -6 . Effect of Adsorption Temperature on Ethylene TPR
(73.2 Pa C2H4 partial pressure, 15 min.
exposure, 223K, 50 mg Pd/Al203>
Tads. —
pm ole/g




2 9 8  K  
T ( K )
m ethane - - 7 .0 4 2 1
e th y le n e - - - -
e th a n e 2 4 .0 1 7 3 8 .0 1 8 2
n - b u ta n e - - 0 .7 2 5 6
n -h e x a n e - - 0 .1 3 6 4
benzene 0 .5 b 6 4 8 - -
Cb* 4 .2  x 1 0 7 * 4 8 1 3 .4  X 1 0 s c 4 8 2
8 .2  x 1 0 6 c 5 5 6 1 .3  X 1 0 s c 5 4 7
a 20 .0  Pa o f CO p read so rb ed  
b Not com pleted  by 673 K
c In te g ra te d  in te n s i ty  o f  m ass 43 c h a ra c te r is t ic  o f  Cs and
h e a v ie r  p a ra ff in s .
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S u rface  o lig o m eriza tio n  is  p robab ly  com pleted  d u rin g  adso rp tion  of 
a c e ty le n e  r a th e r  th a n  during  th e  TPR e x p e rim e n t s in ce  ace ty len e  
in te ra c t io n s  w ith  Pd would be lim ited  by  th e  s u r fa c e  oligom ers which had  
a lre a d y  form ed d u rin g  ad so rp tio n  an d  b e c a u se  a c e ty le n e  which could 
undergo  fu r th e r  o ligom erization  was on ly  a v a i la b le  in  th e  in i t ia l  s ta g e s  
o f  TPR d u rin g  d e so rp tio n  of th e  p h y slso rb ed  a c e ty le n e . The products  
from th e  in te r a c t io n  o f th is  a c e ty le n e  w ith  Pd w ere C2  species, n o t 
oligom ers as  we h a v e  a lre a d y  d iscu ssed . O th e r  re s e a rc h e rs  have also 
o b serv ed  oligom er fo rm ation  on Pd a t  low te m p e ra tu re s . In a  TPD stu d y  
by T ysoe e t  a l. (1983), benzene w as form ed from  a c e ty le n e  on Pd [111] 
w hen ad so rb ed  a t  195K an d  benzene e lu tio n  b e g a n  a t  195K and reached  
a  maximum a t  230K (w hich is  com parable to  o u r  a d so rp tio n  tem pera tu re  
o f 223K) in  th e  r e s u l t a n t  TPD spectrum . O ur r e s u l t s  a lso  dem onstra ted  
t h a t  oligom ers c a n  be form ed d ire c tly  on Pd d u r in g  a d so rp tio n  a t  223K 
b ecau se  m asses  43 and  78 were ob serv ed  in i t i a l ly  w hile  m onitoring th e  
e f f lu e n t d u rin g  th e  p o s tad so rp tio n  f lu sh  an d  th e s e  a re  th e  re s u lt o f 
benzene  and  C« p a ra f f in s  and  olefins.
A ce ty len e  TPR s p e c tra  were found to  d ep en d  upon th e  adsorp tion  
co n d itio n s , o f  w hich  th e  p a r t ia l  p re ssu re  o f a c e ty le n e  d u rin g  adsorp tion  
w as th e  m ost s ig n if ic a n t v a ria b le  a ffe c tin g  th e  p ro d u c t d is tr ib u tio n  
among th e  o ligom ers. When th e  a c e ty le n e  p re s s u re  w as low (20.0 Pa), 
h ig h e r o ligom ers w ere p roduced in p re fe re n c e  to  C< an d  Cs oligomers 
(T ab le 5 -2 ) .  M onolayer coverage on Pd m igh t n o t  be  o b ta in e d  in  th e  case  
o f 20.0 Pa a c e ty le n e  p re ssu re  e v en  th o u g h  th e  a c e ty le n e  p ressu re  
co rresponded  to  C2H2/P d = 2 . 6  b ecau se  a  s ig n if ic a n t  f ra c tio n  o f th e  
a c e ty le n e  w as p h y s lso rb ed  on th e  su p p o rt. When th e  su rfa c e  coverage is  
le ss  th a n  a  fu ll  m onolayer, su rface  oligom ers can  form w ith o u t s te r ic
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h in d ran c e  from n eighbo ring  a c e ty le n e  m olecules w hich c o n tra s ts  w ith  th e  
ca se  o f th e  fu lly  co v ere d  su rfa c e  w here th e  su rfa c e  Is  s te r ic a lly  
h in d e red . S h erid an  (1946) a n d  McGown e t al. (1978) h a v e  d isc u sse d  th e  
pack ing  a rran g em en ts  o f a c e ty le n e  a t  high and  low su rfa c e  co v era g es . 
A ccording to  th e ir  th e o r ie s ,  h igh  su rface  coverag es  fa v o r  sm alle r 
oligom ers in  a  g re a te r  o v e ra l l  ab u n d an ce  th a n  low su rfa c e  co v e ra g e s  and  
th e s e  th e o rie s  com pare f a v o ra b ly  w ith  our o b se rv a tio n s . T h e re fo re , th e  
p a r t ia l  p re ssu re  e f fe c t on oligom er form ation can  be  tra c e d  to  s te r lc  
e ffe c ts  on th e  su rface .
O ligom erization o f a c e ty le n e  to  a lip h a tic s  a p p a re n tly  is  in i t ia te d  by 
a  free  rad ica l w hich is  form ed e i th e r  from p a r t ia l  h y d ro g e n a tio n  of 
a c e ty le n e  (S heridan , 1945) o r  from d isso c ia tio n  o f  a c e ty le n e  (M arg itfa lv i 
e t  a l., 1981; L ev iness e t  a l . ,  1984). This free  ra d ic a l r e a c ts  in  se r ie s  
w ith  a sso c ia tiv e ly  ad so rb ed  a c e ty le n e  to  form oligom ers. We h av e  
ob serv ed  some a c e ty le n e  decom position  upon ad so rp tio n  a t  223K as  
ev id en ced  by th e  fo rm atio n  o f a  sm all am ount of e th y le n e  w hich  was 
ob serv ed  in th e  e f f lu e n t d u r in g  th e  p o s tad so rp tio n  c a ta ly s t  f lu sh . T h is 
e th y le n e  m ust be p roduced  v ia  se lf-h y d ro g e n a tio n  o f a c e ty le n e  d u ring  
ad so rp tio n . T hus, a  so u rce  o f ra d ic a ls  from bo th  d is so c ia te d  a c e ty le n e  
a n d  v in y l ra d ic a ls  is  r e a d i ly  a p p a re n t.
TPR bands fo r b en zen e  an d  cyclohexane (w hich a re  th o u g h t to  come 
from th e  same common in te rm e d ia te )  w ere much b ro ad er an d  h a d  la rg e r  
a re a s  th a n  n -h e x a n e  (w hich  h a s  sam e num ber o f  ca rb o n s) e v e n  though  
th e  form ation of th e  cyclic  oligom ers is  more d if f ic u lt due to  a  r e s tr ic te d  
co n fig u ra tio n  o f m olecules. T h is  su g g es ts  th a t  s i te s  fo r th e  p ro d u c tio n  
o f  C6  cyclic oligom ers a re  d is t in c t  from  s ite s  fo r a l ip h a tic  o ligom ers. In 
fa c t,  i f  we com pare th e  c h a n g e s  in  y ie ld s  of cyc lohexane  an d  h e x a n e  for
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d iffe re n t a d so rp tio n  p re s s u re s  (see  Table 5 -2 )  we n o te  t h a t  th e
cyclohexane y ie ld  g o es  up  by  a  fa c to r  o f 4.3 w hile th e  h e x a n e  y ie ld  goes
up by  a  fa c to r  o f  2.3 w hen th e  ace ty len e  a d so rp tio n  p re s s u re  is  
inc reased  from 20  to  73 Pa. T h is  o b serv a tio n  is  f u r th e r  ev id en ce  th a t
cyclic oligom ers form  on d is t in c t  s i te s  and t h a t  th e s e  s i te s  a re  more
d iff icu lt to  f i l l  com ple te ly  th a n  a lip h a tic  o ligom er s i te s .  Some 
p o ss ib ilitie s  co n ce rn in g  th e  e x a c t  id e n tif ic a tio n  o f th e s e  s i te s  m ay be 
ex tra c te d  from th e  open l i te r a tu r e .  In  ace ty len e  h y d ro g e n a tio n  o v e r  on 
Ni/pum ice c a ta ly s t ,  S h e rid an  (1945) suggested  t h a t  th e  s i t e s  fo r a lip h a tic  
oligom ers were Ni[110], w here polym erization  o f  a d so rb e d  a c e ty le n e  is 
allow ed w ith o u t th e  ru p tu re  o f  C -N i bonds due to  w id er sp ac in g s o f th e  
m etallic  s i te s .  P d l l l l ]  w as found to  be th e  m ost a c t iv e  am ong low 
M ille r-in d ex  p la n e s  in  benzene fo rm ation  in  s e v e ra l s tu d ie s  (Tysoe e t  al., 
1983,1986; Logan e t  a l., 1986). Inoue e t  al. (1976) su g g e s te d  th e  s tep p ed  
su rfaces  around  P d [ l l l ]  te r ra c e s  a s  the  a c t iv e  s i t e s  fo r  benzene 
form ation. We h a v e  no d ir e c t  ev idence  to  d isc r im in a te  among th e se  
p o ss ib ilitie s .
A d eso rp tio n  b e h a v io r  d if fe re n t from a l ip h a tic  o ligom ers h a s  also  
been o b se rv ed  fo r cy c lic  com pounds. The y ie ld  of c y c lic  oligom ers was 
sim ilar fo r  bo th  TPR and  TPD w hile  a lip h a tic  oligom ers w ere  n o t observed  
in TPD (T able 5 - 5 ) .  C yclohexane w as the  p rim ary  cyc lic  p ro d u c t in  
ace ty len e  TPR w h ile  b enzene  w as th e  m ain p ro d u c t in  TPD. These 
o b se rv a tio n s  a re  c o n s is te n t  w ith  a  m echanism su g g e s te d  by  T ysoe e t  al. 
(1983) w hich in v o lv e s  an  in i t ia l  form ation  o f a  1 ,3 ,5 -h e x a tr ie n e  species 
followed by c lo su re  to  cycloh ex ad ien e . Form ation o f  1 ,3 ,5 -h e x a tr ie n e  
occurs by  a  s e r ie s  of b lm o lecu lar reac tio n s . C yclohexad iene  can  be 
desorbed a s  b en ze n e  ( a f te r  P d -in d u c e d  d eh y d ro g en a tio n ) d u ring  TPD or
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a s  cyclohexane v ia  h y d ro g e n a tio n  during  TPR. T h ere  is  no n e t  
consum ption o f hydrogen  in  th e  fo rm ation  of benzene so i t s  fo rm atio n  is  
allow ed even in  th e  ab sen ce  of hydrogen  (TPD).
The TPR spectrum  o f e th y le n e  and  ace ty le n e  a re  v e ry  d if fe re n t 
p a r tic u la r ly  in  th a t  th e  d eg ree  o f e th y le n e  o ligom erization  is  v e ry  sm all 
com pared to  ace ty le n e  o lig o m eriza tio n  (see  T ab les 5 - 5  an d  5 - 6 ) .  When 
we m onitored th e  re a c to r  e f f lu e n t  d u rin g  th e  p o s tad so rp tio n  r e a c to r  f lu sh  
follow ing e th y len e  ad so rp tio n , th e  c a ta ly s t  f lu sh ed  q u ic k ly  in d ic a tin g  
th a t  v e ry  l i t t l e  w eak ly  bound m a te r ia l was p re s e n t a n d  th e re fo re  
ph y siso rp tio n  o f e th y le n e  w as m inor. However, a  s ig n if ic a n t am oun t o f 
e th a n e  was d e te c te d  d u rin g  f lu sh in g  and  i t  follow s t h a t  e th y le n e  
undergoes se lf -h y d ro g e n a tio n  e x te n s iv e ly .
When e th y le n e  w as ad so rb ed  a t  203K, e th a n e , b en zen e  an d  h igh  
oligom ers w ere d e te c te d  upon su b se q u e n t TPR b u t th e  TPR sp ec tru m  
follow ing 298K a d so rp tio n  was d ra s tic a lly  d if fe re n t w here  m e th an e , 
b u ta n e , and h ex an e  w ere o b se rv ed , th e  e th an e  and  h igh  o ligom er y ie ld s  
w ere s trong ly  a t te n u a te d ,  an d  b enzene  was n o t d e te c te d  (T ab le  5 -6 ) .  
B u tane and h ex an e  p ro b ab ly  o r ig in a te  from d is s o c ia tiv e ly  ad so rb ed  
e th y le n e  which is  fav o red  a t  th e  h ig h e r adso rp tion  te m p e ra tu re .
O ligom erization o f e th y le n e  c o n tra s ts  to th e  ca se  o f  a c e ty le n e , 
w here C< and  C6 oligom ers a re  form ed ex te n s iv e ly  from a d so rp tio n  a t  
223K and  th e  m echanism  o f e th y le n e  oligom erization  is  c le a r ly  d if fe re n t 
from th a t  of a c e ty le n e . T he re la t iv e  d iff ic u lty  o f e th y le n e  o lig o m eriza tio n  
seem s to  come p a r t ly  from  i t s  doub le  bond as was su g g e s te d  by  S h erid an  
(1945). When e th y le n e  i s  ad so rb ed  a sso c ia tiv e ly , each  ca rb o n  atom  
sh a re s  one e le c tro n  w ith  th e  m e ta l atom  so th e  m olecule h a s  no  u n sh a re d  
e le c tro n  p a ir  w hich can  in te r a c t  w ith  a n o th e r  ad so rb ed  m olecu le , u n lik e
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ace ty le n e  w hich rem ains u n s a tu ra te d  upon a d s o rp tio n  on a  m e ta l and is  
re a c tiv e  to w ard  o th e r  hydrocarbons on th e  s u r fa c e  so th a t  po lym eriza tion  
can p ro p ag a te . O ur r e s u l ts  a re  c o n s is te n t w ith  th e  re p o r t o f S tephens 
(1958) w hich re q u ire s  re s id u es  of e th y le n e  s e lf -h y d ro g e n a tio n  on Ni fo r 
th e  fo rm ation  o f  C* oligom ers. Webb (1978) a lso  su g g es ted  th a t  C<
species a r is e  from  random  po lym eriza tion  o f  d is so c ia tiv e ly  adsorbed  
e th y le n e  re s id u e s .
T he m e th a n e  p ro d u c t from TPR follow ing e th y le n e  ad so rp tio n  a t
298K a p p e a rs  to  be re la te d  to  a  d is t in c t  s u r fa c e  sp ec ie s . E thy lene  is  
known to  form  a  s ta b le  e th y lid y n e  sp ec ie s  (* 0 - 0 1 1 3 ) w hen i t  is  adsorbed  
a t  room te m p e ra tu re  on Pd (Beebe e t  a l., 1985; Beebe and  Y ates 1986) 
and w as o b se rv ed  to  decom pose a t  450K. O th e r re s e a rc h e rs  (Komers e t
al., 1969; T su c h iy a  an d  Nakam ura, 1977) h a v e  o b serv ed  m e thane  from
TPD of e th y le n e  o v e r P t a t  493K an d  Salm eron an d  Somorjai (1982) 
o b served  decom position  o f e th y lid y n e  in to  C an d  CH su rfa c e  spec ies  a t  
493K. The fo rm atio n  and  h y d rogenation  o f e th y lid y n e  is  know n to  be a 
very  slow  p ro cess  below 353K (Beebe e t  a l .,  1985). The source of 
m ethane from  th e  TPR o f e th y len e  ad so rbed  a t  298K is  lik e ly  th is  species 
which u n d erg o es  decom position in s te a d  of h y d ro g e n a tio n  due to  i t s  low 
re a c tiv i ty .  E th y lid y n e  a p p a re n tly  can  n o t be form ed a t  203K so th a t  no 
m e thane  w as o b se rv ed  in  th e  r e s u l ta n t  TPR.
5.4 Conclusions
1. T em p era tu re  programmed re a c tio n  in  Hs flow w as applied  
su c c e ss fu lly  to  a c e ty le n e  and  e th y len e  ad so rbed  on Pd/Ala03 and  v ario u s
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deso rp tio n  p ro d u c ts  w ere recovered  from th e  su rfa c e  in c lud ing  e th an e , 
e th y len e , a c e ty le n e , b u ta n e , hexane , benzene, cyc lo h ex an e  e tc . in  th e  
case  o f a c e ty le n e .
2. Of th e  p ro d u c ts  from a ce ty le n e  TPR, C«, Cb oligom ers w ere 
o b ta in ed  w ith o u t in te r fe re n c e  from p h y slso rb ed  a c e ty le n e  a t  th e  optimum 
experim en ta l c o n d itio n s  so t h a t  p ro d u c ts  could  be a n a ly z e d  q u a n t i ta t iv e ­
ly and  tra c e d  to  th e  su rfa c e  species w hich w ere o r ig in a lly  form ed on Pd 
during  ad so rp tio n .
3. The o b se rv a tio n s  t h a t  y ie ld s  o f  oligom ers from  e th y le n e  TPR w ere 
much sm aller th a n  th o se  o f ace ty len e  TPR along  w ith  d if fe re n t deso rp tion  
c h a ra c te r is t ic s  show t h a t  th e  m echanism  of e th y le n e  o ligom erization  is  
d if fe re n t from th a t  o f  a c e ty le n e  oligom erization .
4. The u n iq u e  b e h a v io r  o f cyclic p ro d u c ts  from a c e ty le n e  TPR 
in d ic a te s  th a t  d is t in c t  Pd s ite s  which a re  sp ec ific  fo r form ing cyclic 
oligomers from a c e ty le n e  a re  operable.
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VI. TPR STUDIES ON THE EFFECT OF CO ON ACETYLENE AND 
ETHYLENE ADSORPTION ON Pd
TPR w as ap p lied  to  th e  ad so rp tio n  of a c e ty le n e  a n d  e th y le n e  on 
Pd/AhOs in  th e  p re se n c e  o f coadsorbed  carbon m onoxide to  exam ine th e  
CO e ffe c t on th e  a d so rp tio n  and  su rface  re a c tio n  o f a c e ty le n e  and  
e th y len e  on Pd. E ffe c ts  o f carbon  deposits  on Pd on th e  o ligom erization  
were a lso  exam ined b y  a c e ty le n e  TPR fo r com parison w ith  th e  CO e ffec t.
6.1 Experimental Procedures
In TPR ex p erim en ts  designed  to  s tu d y  CO e ffec ts , CO w as adso rbed  
in  th e  b a tc h  re c irc u la t io n  system , e i th e r  before or a f t e r  a d so rp tio n  of 
th e  hydrocarbon . In  th e  ca se  o f p readso rp tion , th e  c a ta ly s t  w as exposed  
to CO fo r 15 m in u tes  a t  th e  same tem pera tu re  as  h y d ro carb o n  a d so rp tio n  
and flu sh ed  b rie fly  w ith  He. Then, th e  hydrocarbon w as ad so rb ed  and  th e  
s ta n d a rd  TPR p ro c e d u re s  follow ed. For postad so rp tio n  s tu d ie s ,  th e  o rder 
of ad so rp tio n  w as re v e rs e d .
In a n  In v e s tig a tio n  on th e  e f fe c t o f carbon d ep o s its  on th e  c a ta ly s t ,  
su rface  carbon w as d ep o sited  on Pd/Ak03 by exposing  th e  reduced  
c a ta ly s t to  73.2 Pa a c e ty le n e  a t  673K for 15 m inu tes. A fte r  f lu sh in g  th e  
c a ta ly s t  for 10 m ln. w ith  He, a s ta n d a rd  TPR of a c e ty le n e  follow ed.
6.2 Results
For re fe ren c e  p u rp o ses , th e  TPR of CO (u n d er th e  sam e co n d itio n s  
as a c e ty le n e  TPR) a r e  p re se n te d  in Figure 6 -1 . A b ro ad  CO band 
ex tend ing  from 225 to  375K and m ethane  band a t  501K a re  th e  p rim ary  
fe a tu re s  o f th is  sp ec tru m .
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Figure 6 - 1 .  TPR spectra of carbon monoxide adsorbed on Pd/alum ina at 223K.
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T he r e s u l t s  o f ace ty le n e  TPR w ith  bo th  p read so rb ed  and  
p o s tad so rb ed  CO a re  sum m arized in  T ab le  6 -1 .  When 20.0 Pa o f CO was 
p read so rb ed  (column 2), th e  y ie ld  o f each  oligom er w as reduced  by 27 -  
65 % a n d  a l l  p eaks w ere sh if te d  to  h ig h e r te m p e ra tu re s  (ex ce p t fo r  th e  
b road , h igh  te m p e ra tu re  benzene  p e a k ). However, w hen th e  sam e am ount 
o f CO was adsorbed  follow ing a c e ty le n e  (postad so rb ed , column 3), 
a l ip h a tic  oligom er y ie ld s  show ed s l ig h t  in c re a se s  w hile la rg e  in c re a s e s  fo r 
b enzene  an d  cyclohexane w ere e v id e n t. Peak te m p e ra tu re s  w ere again  
h ig h e r th a n  th e  base  case  w ith o u t CO. When th e  p re ssu re  o f po stad so rb ed  
CO was in c re a se d  to  73.2 Pa (colum n 4), th e  oligom er y ie ld s  w ere reduced  
s lig h tly  and th e  p eak s sh if te d  to  e v en  h ig h e r te m p era tu re s .
Large e ffe c ts  on Cz p ro d u c ts  a re  a lso  n o ted . For a ll th e  c a se s  w ith 
C O, a c e ty le n e  w as th e  p rim ary  Cz p ro d u c t, w hile e th a n e  w as th e  m ajor 
p ro d u c t w ith o u t CO. Peak te m p e ra tu re s  fo r Cz pro d u c ts  w ere ob serv ed  a t  
35 -  45K h ig h e r when com pared to  th e  case  w ith o u t CO. The Cz and  C« 
peak  sh a p e s  a re  in te re s tin g  in  th e  ca se  o f p read so rb ed  CO and  a re  
th e re fo re  inc luded  in  F igure 6 -2 .  N otice th a t  e th a n e  and  b u ta n e  bands 
begin  a b ru p tly  on th e  ace ty le n e  ta i l .  T h is  c o n tra s ts  to  th e  ca se  w ith o u t 
CO (F igure 3 - 9  and  T able 6 -1 )  w here  e th a n e  a n d  b u ta n e  p eak s  a re  more 
sym m etrica l and  a p p ea r a t  n e a r ly  th e  sam e te m p era tu re  as  a c e ty le n e .
T ab le  6 - 2  also  in c lu d es  th e  e f fe c t  o f CO on e th y le n e  TPR. With 
p read so rb ed  CO, e th a n e  and  u n re a c te d  e th y le n e  w ere produced a t  much 
h ig h e r te m p e ra tu re s  along  w ith  a  re d u c tio n  in  h ig h e r oligom er y ie ld s .
S im ilar experim en ts  o v e r a  Pd/Alz03 c a ta ly s t  w hich w as po isoned  by 
su rfa c e  carbon  w ere a lso  perform ed an d  th e  re s u lts  a re  g iv en  in  Table 
6 - 3  w here a  s ig n if ic a n t e ffe c t on th e  TPR sp ec trum  o f a c e ty le n e  is 
n o ted . The oligom er y ie ld s  d ec re a se d  by rough ly  1/2 to  1/3 and  th e
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Table 6 -1 . The Effect of CO on Acetylene TPR
(73.2 Pa C2H2 partial pressure, 15 min.





P r e - a d .  CO 
(20 .0  Pa) 
pm ole/g  T(K)
P o s t-a d . C 
(20 .0  Pa) 
pm ole/g T(K)
P o s t-a d . CO 
(73.2 Pa) 
pmole/g T(K)
m ethane - - 5.60 532 2.86 526 5.76 534
a c e ty le n e 1.16 205 34.94 253 30.44 247 28.98 252
e th y le n e 7.78 213 0.84 251 - - 1.76 249
e th a n e 34.82 215 11.62 258 20.06 251 13.18 255
n - b u ta n e 8.34 237 5.24 265 8.68 258 6.10 262
n -h e x a n e 2.99 288 2.10 291 3.63 287 2.37 290
benzene 0.70 325 0.16 330 3.55 335 1.42 340
0.88“ 640 0 .71“ 639 1.12“ 600 0.81“ 610
cyclohexane 7.56 340 2.86 371 8.64 360 6.45 360
“ b road  peak, n o t com plete by 673K
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Figure 6 - 2 .  TPR spectra of acetylene with preadsorbed CO on Pd/alum ina at 223K. 
CO adsorption pressure 20 .0  Pa.
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Table 6 -2 . Effect of CO on Ethylene TPR
(73.2 Pa C2H4 partial pressure, 16 min.







m eth an e - - - -
e th y le n e - - 8.0 228
e th a n e 24.0 173 5.0 246
n - b u ta n e - - - -
n -h e x a n e - - - -
b en zen e 0 .5b 648 - -
C b* 4 .2 x l0 7 c 481 4.1x10® c 492
8.2x10® c 556 9.8x10° * 553
0  20.0 Pa o f CO p read so rb ed  
b n o t com plete by 673K
c in te g ra te d  in te n s i ty  o f m ass 43 c h a ra c te r is t ic  o f Cb and  h e a v ie r  
p a ra ff in s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
Table 6 -3 . Effect of Carbon Deposits on Acetylene TPR
(73.2 Pa C2H2 partial pressure, 16 min. exposure,
223K, 60 mg Pd/alumina)
F re sh  Pd/A hOa C -d e p o s ite d  Pd/AbOa
pm ole/g T(K) pm ole/g T(K)
ace ty le n e 4.60 213 - -
e th y len e 10.95 216 7.34 214
eth an e 37.19 221 44.78 219
n -b u ta n e 7.57 237 3.68 252
n -h e x a n e 2.99 287 0.83 312
benzene 3.16 328 1.78 347
0 .96“ 629 - -
cyclohexane 10.59 341 2.77 361
a b ro ad  peak , n o t com plete  by 673K
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p eak  te m p era tu res  s h if te d  to  h ig h e r  v a lu e s  by 15-24K  w ith  carbon  
d ep o sitio n  on th e  c a ta ly s t .  D ec rease s  in  th e  y ie ld s w ere la rg e r  fo r th e  
h ig h e r oligom ers, w hile l i t t l e  ch an g e  was observed  for C2 p ro d u c ts .
6.3 D iscussion
T he TPR spectrum  of CO (F ig u re  6 -1 )  y ie lds b o th  CO an d  CH4
in d ic a tin g  th a t  CO ad so rb s  on Pd in  tw o s ta te s  com posed o f w eak ly  
ad so rb ed  CO which deso rbs m o lecu la rly  a t  low te m p era tu re s  and  s tro n g ly  
ad so rb ed  CO which re a c ts  w ith  H2  an d  deso rbs as  m e th an e  a t  h ig h e r 
te m p e ra tu re s . In th e  TPR sp e c tru m  of ace ty le n e  w ith  CO (T ab le  6 -1 ) ,
th e  e x is te n c e  of s tro n g ly  a d so rb e d  carb o n  monoxide on th e  c a ta ly s t
su rfa c e  is  observed  a s  a  m e th a n e  p eak  aro u n d  632K, a  s lig h tly  h ig h e r  
te m p e ra tu re  th a n  in  th e  TPR sp ec tru m  of p u re  CO. T his m e th an e  p eak  
w as a lw ays observed  in  ace ty len e /C O  experim en ts  re g a rd le ss  o f w h e th e r  
CO w as p readso rbed  o r p o s ta d so rb e d , w hich in d ica te s  th a t  th e re  a re  
p a r t ic u la r  s i te s  w here on ly  CO c a n  adso rb . T hese s i te s  may be s in g le  
is o la te d  s i te s  which can n o t accom m odate ace ty len e .
A g lobal e ffec t o f CO on th e  a d so rp tio n  of a c e ty le n e  and  e th y le n e
w hich h a s  been observed  in  th e  TPR experim en ts  is th e  su p p ress io n  o f  
s e lf-h y d ro g e n a tio n . When CO w as ad so rb ed  before a c e ty le n e , no e th a n e  
or e th y le n e  was observed  in  th e  e f f lu e n t  d u ring  th e  p o s ta d so rp tio n  f lu sh . 
T h is e f fe c t h as  a lso  been  o b se rv e d  on Rh/Si0 2  (Reid e t  a l., 1973a, 
1973c). The red u c tio n  in  s e lf -h y d ro g e n a t io n  is  p robab ly  cau sed  by CO 
b lockage o f single s i te s  w hich  accom m odate th e  hydrogen  p ro d u c t o f 
d is so c ia tiv e  chem lsorp tion  o f  h y d ro c a rb o n s  and  th e re fo re , no hydrogen  is  
a v a ila b le  fo r s e lf-h y d ro g e n a tio n .
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T he p ro d u c t d is tr ib u t io n  o f  Cz products from TPR o f  a c e ty le n e  w ith 
adsorbed  CO (T ab le  6 - 1 )  in d ic a te s  how CO a ffe c ts  t h e  h y d ro g en a tio n  of 
ace ty len e . D uring th e  in i t ia l  s ta g e s  o f TPR, p h y s lso rb e d  ace ty len e  
desorbs from th e  s u p p o r t and , w hen no CO is  p r e s e n t ,  read so rb s  on 
a v a ila b le  m e ta l s i t e s  fo r  h y d ro g en a tio n  to  e th a n e  ( a s  d isc u sse d  in  th e  
above) w hich is  o b se rv e d  a s  th e  prim ary  p ro d u c t. When CO was 
adsorbed , u n c o n v e rte d  a c e ty le n e  was th e  p red o m in an t p ro d u c t in  th e  
early  s ta g e s  o f TPR. A cety len e  e lu tin g  from th e  s u p p o r t  could  no t be 
co n v erted  to  e th a n e  b eca u se  s ing le  m eta l s i te s ,  w h ich  norm ally  a re  
av a ila b le  to  su p p ly  hyd ro g en  fo r th e  reac tio n , h av e  b e e n  blocked  by CO.
T he e f fe c t o f CO on o ligom erization  is  shown in  th e  TPR sp e c tra  of 
a c e ty le n e  w hich a re  sum m arized in  Table 6 -1 . The am o u n t and  th e  order 
of CO a d so rp tio n  s tro n g ly  in flu en ced  the  re s u lts .  When 20 .0  Pa o f CO was 
p readsorbed , a  d e c re a se  in  th e  y ie ld  o f a l l  o ligom ers w as observed. 
However, p o s ta d so rp tio n  o f th e  same am ount o f CO re s u lte d  in  an 
Increase  in  th e  o ligom er y ie ld  p a r tic u la r ly  w ith  r e s p e c t  to  C6 cyclic 
p roducts . When th e  CO p re s su re  w as in c reased  to  73 .2  Pa ( th e  same as 
th e  a c e ty le n e  p re s s u re ) , p o s tad so rb ed  CO cau sed  a s l ig h t  d ec re a se  in  th e  
oligomer y ie ld .
T he e f fe c t o f p re a d so rb e d  CO on o ligom erization  is  cau sed  by CO 
blockage o f a c e ty le n e  a d so rp tio n  and  su p p re s s io n  of ace ty lene  
d isso c ia tio n . A ce ty len e  p ro b ab ly  can n o t d isp la c e  p read so rb ed  CO 
com pletely. In th e  c a se  o f Rh/SiOz only 40% o f th e  p re a d so rb e d  CO could 
be d isp laced  by a c e ty le n e  (Reid e t  al., 1973b). CO l e f t  on th e  surface 
would be e sp e c ia lly  e f fe c tiv e  in  su pp ressing  o lig o m eriza tio n  because 
o ligom erization  re q u ire s  n e a rb y  adsorbed  a c e ty le n e  m o lecu les to  proceed. 
A reduced  d is so c ia tio n  o f a c e ty le n e  could a lso  p re v e n t  fo rm ation  of free
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rad ica ls  w hich w ould d e s tro y  in i t ia t io n  a n d  r e s u l t  in  su p p re ss io n  o f  
o ligom erization. T he re la t iv e  im portance  o f  each  e ffec t In su p p re ss in g  
o ligom erization  p ro b ab ly  depends on th e  p re s s u re  o f  CO and  a c e ty le n e . 
S uppression  of a c e ty le n e  d is so c ia tio n  w ould be th e  m ain e ffe c t w hen th e  
CO p re s su re  is  much low er th a n  a c e ty le n e , s in c e  CO may n o t be ab le  to  
com pete fo r a c e ty le n e  s i te s  e ffe c tiv e ly , b u t  CO could  s t i l l  occupy s in g le  
s ite s  w hich  c an n o t accom m odate a c e ty le n e  a n d  block th e se  s i te s  w hich 
norm ally would a c c e p t th e  hydrogen  p ro d u c t o f a ce ty le n e  d isso c ia tio n .
All r e s u l ta n t  s p e c tra  o f a c e ty le n e  TPR m odified w ith  CO y ie ld ed  
sh if ts  o f p ro d u c ts  to  h ig h e r te m p e ra tu re s  (T able 6 -1 ) . T h is e f fe c t is
probably  due to  a  lim ited  hydrogen  su p p ly  d u ring  TPR cau sed  by
hydrogen s i te  b lockage by CO. U n sa tu ra te d  p ro d u c ts  a re  d if f ic u lt to  
desorb so  a  d e lay  in  h y d ro g en a tio n  r e s u l t s  in  th e  observed  s h if ts .  T he 
sh if t w as a lso  ob serv ed  fo r th e  low te m p e ra tu re  benzene peak  w hich does 
not re q u ire  hydrogen  fo r i t s  d eso rp tio n . The m echanism  fo r b en ze n e  
form ation  d iscu ssed  ab ove  m ay ex p la in  th i s  tre n d . CO blocks th e  v a c a n t  
s ite s  n e c e ssa ry  to  accom m odate hydrogen  w hich  comes from th e  b en ze n e  
p recu rso r du ring  th e  d eh y d ro g en a tio n  s te p  so th a t  th e  d eso rp tio n  o f  
benzene is  de lay ed .
The o b serv ed  te m p e ra tu re  s h if t  w as m ore sev e re  fo r e th a n e  a n d
b u tan e  p ro d u c ts  th a n  h ig h e r o ligom ers. H ydrogenation  o f su rfa c e  
oligom ers a p p a re n tly  is  m ost a ffec ted  in  th e  e a r ly  s tag es  o f TPR w hen 
th e  h y d rogen  su p p ly  is  more s tro n g ly  su p p re sse d  by CO. As th e  
te m p era tu re  is  in c re a se d , w eakly  bound  CO d eso rb s  c rea tin g  s i te s  fo r th e  
hydrogen su pp ly . H ydrogenation  an d  s u b se q u e n t deso rp tion  o f su rfa c e
species re s u lts .  T he e x is te n c e  o f w eak ly  bound CO h a s  b een  
d em o n stra ted  by TPR ex p erim en ts  o f CO w ith o u t a ce ty le n e  an d  is  s t i l l
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possib le  in  th e  p re sen ce  o f ace ty le n e . B lyho lder (1964) suggested  th a t  
GO ad so rb s  on co rn e r and  edge s i te s  s tro n g ly  a n d  w eakly  on p lane s ite s . 
S ingle p la n e  s i te s  m ay e x is t  as  geo m etrica lly  is o la te d  s i te s  surrounded  
by m u ltip ly  adso rbed  ace ty le n e  m olecules.
R esu lts  on th e  e f fe c ts  o f CO a re  com parab le , in  some ways, to  th e  
e ffe c ts  of carbon  d ep o sits  w here d ec re a se s  in  oligom er y ie ld s  and  sh if ts  
in  p eak  te m p e ra tu re s  w ere observed  (T able 6 - 3 ) .  S ince th e  source of 
carbon  d ep o sited  on Pd was ace ty le n e , h y d ro ca rb o n  s i te s  a c tiv e  for 
a c e ty le n e  ad so rp tio n  should  be blocked e f fe c tiv e ly . The re su lts  re f le c t 
th is  e x p e c ta tio n  and  a  geom etric e ffe c t on  o ligom erization  Is c lea rly  
show n in  th e  p ro d u c t d is tr ib u tio n . The b u ta n e  y ie ld  d ecreased  by h a lf  
w hile th e  y ie ld s  of n -h e x a n e  and  Cs cyclic com pounds w ere cu t to  one 
th ird . H igher oligom ers w ere su p p ressed  to  a  g re a te r  e x te n t because  
o ligom erization  re q u ire s  ad jacen t adso rbed  sp e c ie s  fo r p ropagation .
However, carbon  deposition  had  l i t t l e  e f f e c t  on C2  p roducts  and  
a c e ty le n e  was n o t th e  major C2  p ro d u c t a s  w as observed  for CO 
poisoning . Peak te m p e ra tu re s  fo r C2 p ro d u c ts  show ed v ir tu a lly  no s h if t  
w hile s ig n if ic a n t s h if ts  w ere noted  fo r o ligom ers. S ince carbon d ep o sits  
a re  p ro b ab ly  lo c a ted  on s ite s  norm ally  a s s o c ia te d  w ith  ace ty len e  
a d so rp tio n  w hich a re  m ultip le  s ite s , s in g le  s i t e s  w ould be le f t  unaffec ted  
and  th e s e  s ite s  can  prom ote h y d ro g en a tio n  p a r t ic u la r ly  o f C2  species. 
Also, h y d ro g en a tio n  o f oligomer p recu rso rs  re q u ire s  m ore hydrogen th a n  
C2 sp ec ie s  so geom etric e ffec ts  o f carbon  sh o u ld  be more ev id en t as 
o bserved . T hus, carbon  deposition  h as  l i t t l e  e f fe c t on C2 form ation in  
c o n tra s t  to  CO w hich can block sing le  s i te s  fo r  hydrogen  adso rp tion .
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One o f th e  physica l d if fe re n c e s  in  th e  poisoning e ffe c ts  a s s o c ia te d  
w ith  su rfa c e  carbon v e rsu s  c a rb o n  m onoxide is  due to  th e  f a c t  t h a t  CO 
a d so rp tio n  can  be re v e rse d  b y  ra is in g  th e  tem p era tu re  w hile  ca rb o n  
b lockage o f s i te s  is  v ir tu a l ly  i r r e v e r s ib le  and  can n o t be rem oved d u rin g  
TPR. C arbon deposits  a re  th e re fo re  s t i l l  e ffec tiv e  a t  h igh  te m p e ra tu re s  
d u ring  TPR and th is  r e s u l ts  in  u p sca le  te m p era tu re  s h if ts  fo r  h igh  
oligom ers w hich are  ev en  la rg e r  th a n  s h if ts  caused  by  CO.
When th e  e ffec ts  o f CO on a c e ty le n e  ad so rp tio n  a re  com pared to  th e  
e f fe c ts  o f  carbon d ep o s its  a s  d isc u sse d  above, th e  e x is te n c e  o f s in g le , 
iso la te d  Pd s ite s  fo r H2 a d so rp tio n  w hich can  be blocked by CO becom es 
e v en  m ore ap p aren t. The d e u te riu m  t r a c e r  s tu d ie s  (c h a p te r  4) show ed 
th a t  th e  e f fe c t of CO on a c e ty le n e  h y d ro g en a tio n  is  due to  th e  b lockage  
o f hydrogen  adso rp tion  by CO. The re s u lts  in  th is  c h a p te r  f u r th e r  
am plify  th e se  find ings and  h a v e  h e lp ed  to  id e n tify  th e  a ffe c te d  hyd ro g en  
a d so rp tio n  s i te s  as s ing le , is o la te d  s i te s .
T he e ffe c t of CO on e th y le n e  ad so rp tio n  is  s im ila r to  th e  e f f e c t  on 
a c e ty le n e  p a r tic u la r ly  in  th e  su p p re s s io n  o f hyd rogenation . When CO was 
p read so rb ed  on Pd p rio r  to  TPR o f  e th y le n e  ad so rb ed  a t  203K, 
u n c o n v e rte d  e th y len e  w as o b se rv e d  in  th e  e f f lu e n t w hich w as n o t 
o b serv ed  in  th e  case  o f p u re  e th y le n e . E thy lene  could n o t undergo  
h y d ro g en a tio n  to  e th a n e  due to  CO b lock ing  th e  hydrogen  su p p ly  a s  in  
th e  ca se  o f ace ty len e  TPR. T he d e c re a se  in  th e  y ie ld  o f h igh  o ligom ers 
w ith  p read so rb ed  CO is p ro b ab ly  due  to  CO supp ressin g  decom position  of 
e th y le n e , w hich p recedes o lig o m eriza tio n  o f  e th y len e .
6 .4  C onclusions
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In a c e ty le n e  TPR w ith  CO, many e ffe c ts  on th e  fo rm ation  and 
reac tio n  o f ad so rb ed  sp ec ie s  from a c e ty le n e  w ere o b se rv ed  including 
su p p ressio n  of s e lf -h y d ro g e n a t io n , o ligom erization , a n d  h y d ro g en a tio n  of 
su rface  oligom ers. From  th e se  o b se rv a tio n s  th e  fo llow ing  conclu sions were 
o b ta ined .
1. The p rim ary  e f fe c ts  o f CO on th e  h y d ro g e n a tio n  o f  a c e ty le n e  are 
th e  a b i l i t ie s  o f CO to  block hydrogen a d so rp tio n  p a r t ic u la r ly  a t  iso la ted  
Pd s i te s  and  to  slow  d is so c ia tiv e  ad so rp tio n  o f h y d ro c a rb o n s  by  blocking 
s ite s  w hich would no rm ally  accommodate th e  hyd ro g en  p ro d u c t from the 
d is so c ia tiv e  a d so rp tio n .
2. G eom etric e f fe c ts  o f CO and coke d ep o s its  a r e  a lso  a p p a re n t in 
a t te n u a t in g  th e  p ro d u c tio n  o f  h igh  oligom ers.
3. D is tin c t, is o la te d  Pd s ite s  w here H2  o r CO can  adso rb  are 
o perab le .
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VII TPR AND DEUTERIUM TRACER STUDIES ON THE EFFECT OF K 
ON Pd/AizOs CATALYSTS FOR ACETYLENE HYDROGENATION
In th is  c h a p te r , we re p o r t on experim en ts  aim ed a t  te s t in g  th e  
perfo rm ance o f K doped Pd/A k03 c a ta ly s ts  and  u n d e rs ta n d in g  a sso c ia te d  
e ffe c ts  o f  K prom otors on th e  c a ta ly t ic  b eh av io r of Pd/AhOa. P o tassium  
w as added  to  Pd/AU03 b o th  before and  a f te r  Pd load ing , to  determ ine  if  
th e re  is  a d iffe re n ce  be tw een  d ire c t m odification  o f th e  c a ta ly s t  and 
su p p o rt m odifica tion . The a c t iv ity  an d  se le c tiv it ie s  o f  th e se  c a ta ly s ts  
w ere te s te d  fo r a c e ty le n e  h y d ro g en a tio n . The te c h n iq u e s  u sed  to  s tu d y  K 
e ffe c ts  w ere a c e ty le n e  TPR and  e th y le n e  d eu terium  tra c e r  experim en ts.
7.1 P rocedu res
The p ro ced u res  fo r p re p a ra tio n  and  c h a ra c te r iz a tio n  of K doped 
c a ta ly s ts ,  s te a d y  s ta t e  re a c tio n  o f  a c e ty le n e  h y d ro g en a tio n , ace ty le n e  
TPR, an d  e th y le n e  d e u te ra tio n  re a c tio n  h av e  been  d esc rib ed  in  th e  
c h a p te r  3.
Ammonia TPD of th e  c a ta ly s t  su p p o rt was a lso  used  a s  a 
c h a ra c te r iz a tio n  too l. In th is  experim en t, 50mg of su p p o rt was t r e a te d  in 
He flow a t  773K fo r 1 h r  and  cooled to  th e  ad so rp tio n  te m p e ra tu re , 298K. 
The sam ple was exposed  fo r 15 min. to  a m ix tu re  o f 0 .67  kPa ammonia 
and  106.4 kP a He c irc u la tin g  in  th e  b a tc h  system  and f lu sh e d  in  He flow 
fo r 1 h r  fo r rem oval o f  w eak ly  ad so rb ed  ammonia. T hen th e  sam ple was 
h e a te d  a t  th e  r a te  o f lOK/min. and  deso rb ing  ammonia w as m onito red  by 
MS. TPD of a c e ty le n e  was o b served  in  th e  sam e p ro ced u re , ex cep t th a t
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1.33 kPa a c e ty le n e  w as adso rbed  to  o b ta in  an  a c e ty le n e  cap a c ity  o f th e  
su p p o rt m a te r ia ls . T he BET a re a s  of th e se  su p p o rts  w ere a lso  m easured  
by Omnisorp 360C (OMICRON) ad so rp tio n  a p p a ra tu s .
7.2 R esu lts
P h y s ica l p ro p e r tie s  o f th e  c a ta ly s ts  a re  g iv e n  in  T ab le 7 -1  and  TPD 
of am m onia an d  a c e ty le n e  a re  g iven  in  F ig u re s  7 -1  and  7 -2 ,
re sp e c tiv e ly . T he BET su rface  a re a  of th e  a lu m in a  d ecreased  only
s lig h tly  w ith  K a d d itio n . Pd d isp ers io n  was d if f ic u lt  to  con tro l a s  can  
be seen  in  two s e p a ra te  p re p a ra tio n s  show n in  T ab le  7 -1 . These two 
p re p a ra t io n s  w ill be re fe rre d  to  s e p a ra te ly  by th e i r  d eg ree  of d ispersion . 
T he a c id ity  o f th e  su p p o rt, m easured  by am m onia ad so rp tio n , d ecreased  
a s  ex p ec ted  w ith  K ad d itio n  so th a t  72% o f th e  to ta l  ac id  s i te s  were
rem oved a t  4% K c o n te n t, b u t as  can  be seen  in  F ig u re  7 -1 ,  th e  high
te m p e ra tu re  NH3  sh o u ld e r  (in d ica tin g  s tro n g e r  ac id  s i te s )  is  esp ec ia lly  
s tro n g ly  a t te n u a te d .  K h ad  l i t t l e  e ffe c t on a c e ty le n e  ad so rp tio n  ex ce p t 
a t  th e  4% le v e l w here an  in c re a se  in  c a p a c ity  of ab o u t 4 tim es was 
o bserved . The a c e ty le n e  p eak  tem p era tu re  d id  n o t  s h i f t  s ig n if ic a n tly  as  
K w as ad ded  to  AI2O3 (F igure 7 -2 ) .
T he r e s u l t s  fo r th e  ace ty le n e  h y d ro g en a tio n  re a c tio n  o v er K doped 
c a ta ly s ts  a re  g iv e n  in  T ab le 7 -2 . R eaction c u rv e s  w ere c o n s is te n t w ith  
c u rv es  re p o rte d  by o th e rs  (Bond and  Wells, 1966) w hich begin  w ith  a  
slow  zero  o rd e r reg ion  th a t  ex ten d s  u n til  a lm o st a l l  th e  a ce ty le n e  h as  
been  d e p le te d . P ro d u c t s e le c tiv i t le s  a re  v i r tu a l ly  c o n s ta n t w ith  
co n v ers io n  in  th is  reg ion , so we h av e  e le c te d  to  re p o rt p ro d u c t 
com positions a t  70% a c e ty le n e  conversion  (w hich is  s t i l l  w ith in  th e  zero
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
Table 7 -1 . P hysica l P ro p e r tie s  o f  th e  K Doped C a ta ly s ts .
C a ta ly s ts D ispersion1*
(%)








Pd/AlaOs® 36.2 215.6 292.9 22.9
Pd/A l20 3d 16.7 215.6 292.9 22.9
1% K-Pd/AlaOa 33.5 215.6 292.9 22.9
4% K-Pd/AlaOa 26.1 215.6 292.9 22.9
Pd/1% K-AI2O3 17.2 189.8 257.9 18.8
Pd/2% K-AI2O3 32.5 186.5 233.7 17.5
Pd/4% K-AI2O3 23.2 182.7 80.8 81.2
•p ro p e rtie s  before Pd im p reg n a tio n  
bb ased  upon CO/Pd =  1/1 
cf i r s t  b a tch  
^second batch
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Rgure 7 - 1 .  TPD spectra of amm onia adsorbed on K doped aluminas at 298K.
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Figure 7 - 2 .  P D  spectra of acetylene adsorbed on K doped aluminas a t 298K.

















T able 7 -2 . E f fe c t  o f K on A ce ty len e  H ydrogenation  P roduct D is t r ib u t io n  and R eac tio n  R ate










D isp e rs io n  (%) 36.2 16 .7 17.2 32.5 23.2 33.5 26.1
R ate1 5 .87 4 .6 8 5 .94 7 .75 9 .86 5.87 7.93
P ro d u ct D is t r ib u t io n  (mole% a t  70% co n v e rs io n )
e th an e 7 .2 10 .7 6 .0 5 .6 6 .6 5 .8 3 .6
e th y le n e 81 .1 7 8 .4 82 .1 81.3 7 8 .2 81.2 82.7
n -b u tan e 0 .3 0 .5 0 .6 0 .3 0 .3 0 .5 0 .0
1 -b u ten e 4 .0 3 .7 3 .4 3 .6 4 .2 3 .5 3 .7
t-2 -b u te n e 1 .8 1 .7 1 .8 2 .0 2 .0 1 .9 1 .5
c -2 -b u te n e 1 .1 1 .3 1 .4 1 .7 1 .4 1 .4 1 .3
b u ta d ie n e 4 .5 3 .7 4 .7 5 .4 7 .2 5 .7 7 .3
S e l e c t i v i t i e s
W c,e 91.8 8 8 .0 93.2 93.6 92 .2 93.3 95 .8
C,H4 (g lo b a l )1 72 .6 70 .7 73.4 72.0 6 8 .0 71.9 72 .6
C, (g lobal)* 20 .9 19 .7 21.3 23.0 26.3 23 .0 24.2
•base  c a t a l y s t  f o r  K-Pd/Al,0, s e r i e s  c a t a ly s t s
‘r a t e  o f r e a c t io n  in  pmole/m in f o r  th e  z e ro  o rd e r  i n i t i a l  re g io n
•d e fin ed  as  100* YCIII/(Y CII, + Y{lll) ,  where Y i s  y ie ld
‘d e f in e d  as  100* YCin/(Y cl + 2Ye<) ,  where C, = I a l l  two carbon  p ro d u c ts ,  C, = I  a l l  fo u r  carbon  p ro d u c t
•d e fin e d  as 100* 2YC1/(Y CJ + 2YC1)
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o rd e r region in  a ll cases) a n d  we h a v e  com puted a g lobal r a te  from th e  
s lope of th e  zero o rd e r lin e  w hich is  a lso  rep o rte d  in  T ab le  7 - 2 .  From 
th e  tab le  we im m ediately  s e e  t h a t  re v e rs in g  th e  o rd e r o f K doping  h as  
v e ry  l i t t le  e ffe c t on th e  c a ta ly t ic  p ro p e rtie s . However global e f fe c ts  o f K 
a re  ap p a re n t. F irs t, K im proves th e  r a te  o f a c e ty le n e  co n v ers io n  and  
second, th e  ra tio  o f e th y le n e  to  e th a n e  w as g e n e ra lly  im proved fo r a ll 
le v e ls  of K co n te n t. Y ields o f  C4  p ro d u c ts  a lso  in c re a sed  w ith  K ad d itio n  
b u t th is  in c re a se  w as la rg e ly  due to  an  in c re a se  in  th e  y ie ld  of
1 ,3 -b u ta d ie n e . Because th e  in c re a se  in  C4 y ie ld  o ffse ts  th e  im proved
se le c tiv ity  o f ace ty le n e  to  e th y le n e , th e  o v e ra ll e th y le n e  s e le c t iv i ty  is
re la tiv e ly  c o n s ta n t. D ifferences in  th e  Pd d isp e rs io n  among th e  c a ta ly s ts
h a s  only a s lig h t e ffe c t com pared to  th e  e ffe c t o f K.
The TPR sp e c tra  o f a c e ty le n e  o v e r  Pd/Al2(>3 an d  K doped c a ta ly s ts
a re  sum m arized in  T able 7 - 3  an d  a  ty p ic a l spectrum  fo r a  K doped
c a ta ly s t  (4% K-Pd/Al203) is  g iv e n  in  F igure  7 -3 .  Large changes in  th e
peak  a re a  an d  te m p e ra tu re  w ere ob serv ed  fo r c a ta ly s ts  w hich c o n ta in  K 
com pared to  Pd/AhCh. C hanges in  th e  peak  te m p e ra tu re s  fo r oligom ers 
a re  esp ec ia lly  ev id en t. H exane sh if te d  8 -14K  low er o v er K doped
c a ta ly s ts  com pared to  Pd/Al203 w hile  peak  a re a s  rem ained  s im ila r on a ll 
c a ta ly s ts . B utane d isp lay ed  a  s im ila r tre n d  ex ce p t fo r  c a ta ly s ts  w ith  4% 
K w here th e  y ie ld  was ro u g h ly  tw ice as  la rge . The peak  te m p e ra tu re s  
fo r benzene from K c o n ta in in g  c a ta ly s ts  sh if te d  to  low er te m p e ra tu re s  
w hile th e  peak  a re a  in c re a se d  s ig n if ic a n tly , b u t th e  cy clohexane  y ie ld  
w as a t te n u a te d . O ver Pd/Al203, m ost o f th e  Ce cyclic  com ponent ap p ea rs  
a s  cyclohexane w hile b en zen e  is  fav o red  over K doped m a te r ia ls  b u t i t  
ap p ea rs  a t  low er te m p e ra tu re s .
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Figure 7 - 3 g .  TPR spectra of acetylene adsorbed on 41 K -Pd/alum ina at 223K.
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Figure 7 -3 b . TPR spectra of acetylene adsorbed on 42 K -P d /a lu m in a at 223K.
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C hanges in th e  TPR s p e c tr a  in  th e  Cs region w ere a lso  s ig n if ic a n t 
b u t a re  less  m eaningfu l th a n  th e  oligom erization r e s u l t s  s in ce  Cs 
p ro d u c ts  o rig ina te  from th e  p h y siso rb ed  ace ty len e  a s  d isc u sse d  above. 
Y ields o f  C2 p roducts  follow th e  tre n d s  we ex p ec t from th e  a c e ty le n e  
c a p a c ity  m easurem ents on th e  s u p p o rt (Table 7 -1 ) , w here we o b se rv ed  a 
la rg e  cap a c ity  in c re ase  for th e  4% K sup p o rt.
E th y len e  d e u te ra tio n  r e s u l t s  a re  g iven  in  T able 7 -4 .  O v er Pd/Al203 
c a ta ly s ts  a t  223K, d i e th a n e  w as dom inant, which ag ree s  w ith  th e  re s u lts  
by Bond e t  al. (1966). C onversely , d2 e th a n e  was dom inan t o v e r  K doped 
c a ta ly s ts  showing th a t  H/D e x ch a n g e  w hich occurs a long  w ith  d e u te ra tio n  
h a s  slow ed re la tiv e  to  th e  r a t e  o f d eu te ra tio n . D e u te ra tio n  ex p erim en ts  
w ere re p e a te d  a t  263K for K doped c a ta ly s ts  to  check  fo r deu te riu m  
d is tr ib u tio n  changes a t  h ig h e r o v e ra ll reac tio n  r a te s ,  b u t  th e  dom inance 
o f d2  e th a n e  was unchanged . T hese  q u a lita t iv e  f e a tu re s  a re  re f le c te d  
q u a n t i ta t iv e ly  in  th e  v a lu e s  o f  K em ball's p a ram ete rs  (K em ball, 1956; 
Kemball and  Wells, 1968) g iv e n  in  T able 7 -5 , which show s in c re a se s  in  
th e  p ro b ab ility  of e th y len e  d e so rp tio n  and  th a t  of e th y l h y d ro g e n a tio n  to  
e th a n e  w ith  K doping. We h a v e  a lso  observed a  much low er r a te  of 
e th y le n e  d eu te ra tio n  fo r K doped c a ta ly s ts  th a n  fo r th e  undoped 
c a ta ly s ts  a t  223K (T able 7 -4 ) .
7 .3  D iscussion
T he major changes in  th e  a c e ty le n e  h y d rogenation  re a c tio n  w hich we 
h av e  observed  upon ad d itio n  o f  K to  Pd/Al203 w ere th e  e n h an c em en t of 
th e  p a r t ia l  hydrogenation  o f  a c e ty le n e  to  e th y len e , an  in c re a s e  in  th e  
r a te  o f  ace ty len e  co n v ers io n , and  an  increase  in  th e  C< p ro d u c t 
s e le c tiv i ty .  We h a v e  a lso  o b se rv ed  th a t  K add ition  cau sed  a  s h i f t  in  th e

















T ab le  7-4  P roduct D is t r ib u t io n  and R eac tio n  R ate in  E th y len e  D e u te ra tio n  1
C a ta ly s t R eac tio n C onv ers io n / P ro d u c ts  (%)*
T e m n e r a t u r e R eac tio n  tim e
C,H,D W l C,HD, C1D1 C,H, C,H,D C1H1D1W l W l C,HD, C ,D ,
Pd/AljO, 223K 16%/ 4min. 27.3 4 .7 0 .7 0 .0 17 .2 21 .0 17 .1 6 .3 4 .2 1 .5 0 .0
(D=16.7%) 26.7 8 .8 1 .6 0 .1 15 .8 24 .7 1 5 .4 5 .5 1 .3 0 .2 0 .0
Pd/4%K- 223K 13%/87min. 30 .0 3 .9 0 .5 0 .0 12 .0 20 .3 25 .8 5 .4 2 .0 0 .0 0 .0
A1,0, 30 .2 6 .0 0 .8 0 .1 6 .9 24.3 24 .6 5 .9 1 .1 0 .1 0 .0
(D=23.2%)
263K 15%/13min. 30 .4 4 .3 0 .7 0 .1 11 .5 18 .7 24 .7 6 .3 3 .3 0 .0 0 .0
30 .5 7 .1 1 .1 0 .1 6 .4 22 .8 23 .8 6 .6 1 .4 0 .2 0 .0
Pd/AljO, 223K 15%/10min. 31 .2 4 .7 0 .5 0 .0 20 .8 21 .6 15 .1 4 .2 1 .3 0 .6 0 .0
(D=36.2%) 30.7 7 .7 1 .1 0 .1 19 .8 24.6 1 2 .1 3 .3 0 .6 0 .1 0 .0
4%K-Pd/ 223K 15%/75min. 29 .7 2 .9 0 .2 0 .0 1 6 .0 21 .1 2 4 .7 5 .3 0 .1 0 .0 0 .0
A1|0, 29 .5 5 .6 0 .7 0 .0 9 .8 26.7 21 .6 5 .0 0 .9 0 .1 0 .0
(D=26.1%)
263K 17%/20min. 30 .7 3 .8 0 .3 0 .0 12 .4 19 .0 2 6 .4 5 .6 1 .8 0 .0 0 .0
31 .0 6 .0 0 .8 0 .1 6 .2 23.5 2 5 .2 6 .0 1 .1 0 .1 0 .0
' P.. 2 .66  kPa, Pu 2 .66  kPa
1 The f i r s t  row or th e  d a ta  fo r  each  experim en t r e p r e s e n ts  th e  e x p e rim e n ta l d i s t r i b u t i o n  and th e  n ex t row 
r e p r e s e n ts  th e  c a lc u la te d  d i s t r b u t io n .
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1 2 4
T ab le  7 -5 .  K em ball's P aram eters  from E th y le n e  D eu te ra tio n  
fo r K doped C a ta ly s ts .
C a ta ly s t T(K) (100 -p*)% “ (100 -  r*)%b Q*. s* % c
Pd/AlaOa 223 11 8 32, 37
(D=16.7%)
Pd/4%K~ AI2 O3 223 38 25 55, 56
263 35 24 62, 62
Pd/AlaOa 223 13 8 26, 32
(D -36.2% )
4%K—Pd/A I2 O3 223 40 27 62, 62
263 41 27 64, 64
“e q u iv a le n t to  th e  p ro b ab ility  o f e th y le n e  d eso rp tio n
^ e q u iv a le n t to  th e  p ro b ab ility  o f e th y l h y d ro g e n a tio n  to  e th an e
E q u iv a le n t  to  th e  p ro b ab ility  o f D in c o rp o ra tio n  upon hydro ­
g e n a tio n
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oligom erization  p ro d u c ts  from a c e ty le n e  TPR to  low er te m p e ra tu re s  and  
n o te d  an  in c re ase  in  th e  p ro b a b ility  o f e th y le n e  d eso rp tio n  upon K 
a d d itio n  during  th e  d e u te ra tio n  o f e th y le n e . T he r a te  o f  e th y len e  
d e u te ra tio n  (hyd ro g en a tio n ) w as a lso  red u ced  upon  K ad d itio n .
S ev era l possib le  e x p la n a tio n s  fo r th e se  e f fe c ts  e x is t ,  b u t th e  re s u lts  
o f  th e  e th y len e  d eu te riu m  exchange  re a c tio n , w hich show th a t  e th y len e  
d e so rp tio n  is  fav o red  upon th e  a d d itio n  o f K, su g g e s t t h a t  th e  s tre n g th  
o f  hydrocarbon  ad so rp tio n  d e c re a se s  w ith  K c o n te n t. Oligomer bands 
from  a ce ty le n e  TPR a p p e a r a t  low er te m p e ra tu re s  fo r  K prom oted 
m a te r ia ls  compared to  Pd/A lz03 w hich is  a lso  c o n s is te n t  w ith  th is  
p o s tu la te .
T he en hancem en t in  th e  p ro b a b ility  o f e th y le n e  d e so rp tio n  w ith  th e  
ad d itio n  o f K to  Pd/Alz03 could  a lso  be ex p la in ed  by a  re d u c tio n  in  th e  
a v a i la b i l i ty  of su rfa c e  hydrogen . I f  hydrogen  a v a i la b i l i ty  is  lim ited  by 
K, th e  p ro b ab ility  o f  th e  h y d ro g en a tio n  o f  ad so rb ed  e th y l ra d ic a ls  to  
e th a n e  would be su p p re sse d  re su ltin g  in  a  g r e a te r  p ro b a b ility  th a t  
e th y le n e  desorbs r a th e r  th a n  re a c ts .  However, o u r r e s u l t s  show th a t  th e  
p ro b a b ility  of e th y l h y d ro g en a tio n  a lso  in c re a se s  w ith  K c o n te n t and 
th e re fo re , th is  p o s tu la te  is  u n lik e ly . We m ight a lso  a t t r ib u te  g re a te r  
b en zen e /cy c lo h ex an e  r a t io s  from a c e ty le n e  TPR fo r  K co n ta in in g  c a ta ly s ts  
to  a  lim ited  hydrogen  supp ly , b u t th is  would be  in c o n s is te n t w ith  th e  
e th y le n e  d e u te ra tio n  r e s u lts .  A lso, Rieck and  Bell (1986) h a v e  rep o rted  
t h a t  a lk a li  m eta l prom otion o f Pd/Si02 does n o t s ig n if ic a n tly  a l te r  th e  
am oun t o f hydrogen a d so rp tio n . The h ig h e r b e n ze n e /cy c lo h ex an e  ra tio s  
fa l l  in to  th e  more lik e ly  p o s tu la te  t h a t  th e  s t r e n g th  o f  hydrocarbon 
ad so rp tio n  is  red u ce d  w ith  K co n te n t. B enzene d e so rp tio n  would 
th e re fo re  be fav o red  o v er h y d ro g en a tio n  to  cy clohexane .
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T he strong  s im ila ritie s  o f  K-Pd/Al2C>3 and  Pd/K-AhCte su g g es t t h a t  
th e  o rd e r  o f K ad d itio n  h a s  no e f fe c t  on  th e  c a ta ly tic  p ro p e r tie s  and  i t  
a p p e a rs  th a t  th e  e ffe c t is  r e la te d  to  K -in d u ced  changes in  th e  p ro p e r tie s  
o f th e  suppo rt w hich in d ire c tly  a f f e c ts  th e  Pd, p robab ly  th ro u g h  
m e ta l- s u p p o r t in te ra c tio n s . Though th e  su rfa c e  a re a  o f AI2O3 w as 
reduced  10-16% by th e  ad d itio n  o f  K, t r a n s p o r t  p ro p erty  e ffe c ts  ca n n o t 
com plete ly  explain  our TPR r e s u l t s .  I f  oligomers w ere e lu te d  from 
K -c o n ta in in g  m a te ria ls  a t  low er te m p e ra tu re s  because of t r a n s p o r t  
e ffe c ts , a ll oligomers shou ld  s h if t  to  low er tem p era tu re s  and  th is  w as n o t 
g e n e ra lly  th e  case for cyclohexane.
T he improved r a te  o f a c e ty le n e  h y d ro g en a tio n  and th e  c o n tra s tin g  
d e c re a se  in  the r a te  o f e th y le n e  h y d ro g e n a tio n  caused  by th e  ad d itio n  o f 
K m ay also  be exp la ined  by a  red u ced  s tre n g th  o f hydrocarbon  
a d so rp tio n . A cetylene dom inates th e  Pd su rface  a t  th e  expen se  o f 
h yd rogen  so th a t  a ce ty le n e  h y d ro g e n a tio n  is  slowed by  th e  lack  o f  
hydrogen . I f  K reduces th e  s tr e n g th  o f  a c e ty le n e  ad so rp tion , hydrogen  
could com pete more e f fe c tiv e ly  fo r  s i t e s  and  a  n e t in c re a se  in  r a te  is  
ex p ec ted . For th e  e th y le n e  h y d ro g en a tio n  reac tio n , how ever, e th y le n e  
does n o t  com pletely dom inate  th e  Pd su rfa c e  so th a t  a  red u c tio n  in  
e th y le n e  su rface  coverage shou ld  re d u c e  th e  hydrogenation  r a te  as  we 
h a v e  observed .
T he reduced s tre n g th  o f  a d so rp tio n  o f hydrocarbons may be cau sed  
by  a n  increased  e le c tro n  d e n s ity  on Pd p a r tic le s . Pd would th e n  h a v e  
le ss  p ro p en s ity  to  sh a re  e le c tro n s  w ith  ad so rb a te  hydrocarbons. T he 
a d d itio n  o f p iperid ine  (an  e le c tro n  donor) to  th e  reac tio n  m ix tu re  d u rin g  
th e  h y d rogenation  o f 1 -b u ty n e  o v e r  Pd/Al203 re su lte d  in  an  in c re a se  in
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b o th  s e le c tiv i ty  to  1 -b u te n e  an d  o v e ra ll h y d ro g en a tio n  a c t iv i ty  (B oitiaux  
e t  a l . t 1985b), w hich is  s im ila r to  ou r o b se rv a tio n s  on th e  e ffe c t o f K on 
a c e ty le n e  hyd ro g en a tio n .
E lec tro n ic  e ffe c ts  on Pd can  ta k e  p lace  e i th e r  th ro u g h  d ire c t K -Pd 
in te ra c tio n , o r th ro u g h  a  m odification  o f th e  s u p p o rt p ro p e rtie s  w hich 
in d u ces  a  change  in  m e ta l-s u p p o r t in te ra c tio n s . O ur a c e ty le n e  and  NHa 
TPD s p e c tra  o f AI2 O3  an d  K-Ala03 shows th a t  s u p p o rt p ro p e rtie s  change 
from ac id ic  to  basic  upon K ad d itio n  as  expec ted . A cety lene  is  known to  
be s lig h tly  ac id ic  (Y ates and  Lucchesi, 1961; H arriso n  and  Boyd, 1983) so 
t h a t  th e  d ra m a tic a lly  h ig h e r c ap a c ity  o f 4% K -A I 2O3  fo r a ce ty le n e  
a d so rp tio n  in d ic a te s  a  s tro n g  s h if t  tow ard  a  basic  su p p o rt.
E lec tro n  tr a n s f e r  be tw een  m eta ls  and  ac id ic  su p p o rts  h a s  been 
su g g es ted  by se v e ra l re se a rc h e rs . F igoli and  L 'a rg en ie re  (1989) s tu d ie d  
s e le c tiv e  h y d ro g en a tio n  o f s ty re n e  o v er Pd/Al2C>3 c a ta ly s ts  and  found 
ch an g es in  th e  e le c tro n ic  s ta t e  o f Pd v ia  XPS w hen sodium  w as added to  
th e  su p p o rt. F ree e le c tro n s  on Pd w ere tr a n s fe r r e d  to  low er e lec tro n  
d e n s ity  s i te s  on ac id ic  AI2 O3 an d  e lec tro n  tr a n s f e r  was a t te n u a te d  w ith  
added  sodium . F ig u eras  e t  a l. (1973) s tu d ie d  b en zen e  hyd ro g en a tio n  over 
Pd su p p o rted  on se v e ra l d if fe re n t ac id ic  ox ides and  found th a t  th e  
su p p o rt in flu e n c e s  th e  e lec tro n ic  p ro p e rtie s  of Pd. Sim ilar th e o rie s  h av e  
b een  rep o rte d  by G allezot e t  a l. (1977) and A nderson  (1975). In our 
c a se , we su g g e s t by analogy  t h a t  th e  more basic  n a tu re  o f K -doped AI2O3 
r e s u l t s  in  an  e lec tro n  tr a n s f e r  to  Pd, re su lt in g  in  a  h igher Pd e lec tro n  
d e n s ity , and  u ltim a te ly , a  reduced  s tre n g th  o f  hydrocarbon  ad so rp tio n . 
T h is  le ad s  to  an  In c rease  in  C2 H4 s e le c tiv i ty  from  a c e ty le n e  because
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e th y le n e  d eso rb s  more re a d ily  b e fo re  i t  can  be fu r th e r  h y d ro g e n a te d  to  
e th a n e  a n d  b ecau se  th e  e th y le n e  p ro d u c t is  le ss  lik e ly  to  re a d s o rb  and  
becom e h y d ro g en a ted .
One l a s t  p o in t concern ing  th e  p roduction  o f C< o ligom ers d e se rv e s  
d iscu ss io n  u n d e r th is  th eo ry . O th e r re sea rch e rs  h a v e  su g g e s te d  th a t  
ac id ic  su p p o rt s i te s  c o n trib u te  to  oligom erization re a c tio n s  (Trim , 1980; 
C hauda and  Gosch, 1969; K ranich  e t  a l ..  1985) b u t we h a v e  o b se rv e d  an 
in c re a se  in  C« oligom ers when th e  su p p o rt is  made more b a s ic  v ia  th e  
a d d itio n  o f K. w hich we a t t r ib u te  to  a  lower s tre n g th  o f hyd ro carb o n  
a d so rp tio n  on Pd/A b03 m odified b y  K. T hese th e o rie s  a re  n o t n e c e ssa r ily  
m u tu a lly  ex c lu s iv e . I f  oligom ers a re  formed a t  ac id ic  su p p o r t s i te s  and  
th e  a d d itio n  o f K red u ces  th e  num ber of th e se  s i te s ,  th e  reduced  
s tr e n g th  o f hydrocarbon  ad so rp tio n  could possib ly  o v e rco m p en sa te  for 
th is  e f fe c t r e s u lt in g  in  a n e t  in c re a se  in  oligomers.
T he o b se rv a tio n  th a t  th e  a c t iv i ty  and s e le c tiv e ly  o f  Pd/AhC>3 for 
a c e ty le n e  h y d ro g en a tio n  a re  im proved v ia  th e  a d d itio n  o f K s u g g e s ts  th a t  
th e se  m a te r ia ls  shou ld  be f u r th e r  te s te d  a s  c a n d id a te s  fo r tra c e  
a c e ty le n e  rem oval from e th y le n e  s tream s. A ctiv ity , s e le c t iv i ty  and  aging 
c h a ra c te r is t ic s  need  fu r th e r  ex am in a tio n  u nder more r e a l is t ic  in d u s tr ia l  
co n d itio n s . If  o u r o b se rv a tio n s  can  be e x tra p o la te d  to  in d u s tr ia l  
co n d itio n s , th e  im proved e th y le n e  s e le c tiv i ty  from a c e ty le n e  re la te d  to  K 
a d d itio n  would need  to  o ffse t th e  s im ultaneous K -in d u ced  in c re a s e  in  
o ligom erization  p ro d u c ts  fo r th e s e  m a te ria ls  to  be a  s ig n if ic a n t 
im provem ent in  c u r re n t techno logy , and  i t  is  lik e ly  t h a t  th i s  re q u ire m e n t 
can  be rea lized . I t  is  known t h a t  e th y len e  h y d ro g en a tio n  p roceeds 
In d ep en d e n t o f a c e ty le n e  h y d ro g en a tio n  In th e  in d u s tr ia l  s i tu a t io n  w here 
t r a c e  a c e ty le n e  in  an  e th y le n e  feed s to ck  is  h y d ro g en a ted  (M oses, 1984).
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K -m odified  Pd/AfcOs sh o u ld  red u ce  th e  r a te  o f  d ire c t e th y le n e  
hy d ro g en a tio n  an d  im prove th e  r a te  of a c e ty le n e  rem oval w hile  th e  
ex p ec ted  in c re a se  in  o ligom ers, w hich comes from th e  tra c e  a c e ty le n e  
com ponent in  th e  feed s to c k , shou ld  be  t r iv ia l .  We can  a lso  p o s tu la te  
th a t  K -m odified Pd/AhCta w ill be le ss  su sc e p tib le  to  ag ing  since  
d eso rp tio n  of low m o lecu la r w eigh t oligom ers m ay r e s u l t  in  an  a t te n u a te d  
accum ula tion  o f h igh  m o lecu la r w eigh t oligom ers th a t  fo u l th e  c a ta ly s ts .
7.4 Conclusions
1. K ad d itio n  to  P d /A h03  prom oted p a r t ia l  h y d ro g en a tio n  o f 
a c e ty le n e  to  e th y len e , in c re a se d  th e  r a te  o f  a c e ty le n e  con v ers io n , and  
in c re a sed  C< oligom er y ie ld s .
2. The m ajor e f fe c t o f K doping  of P d /A k03 fo r a c e ty le n e  
hyd ro g en a tio n  is  th e  re d u c e d  s tr e n g th  of hyd ro carb o n  a d so rp tio n  on Pd 
a s  su g g ested  by th e  in c re a se  In  th e  e th y le n e  d e so rp tio n  p ro b a b ility  
(d e u te ra tio n  s tu d y )  an d  th e  d ec re ase d  b ind ing  e n e rg ie s  of adso rbed  
spec ies  (TPR s tu d y ). P o tass iu m  a p p e a rs  to  m odify th e  su p p o rt, w hich 
in d ire c tly  In c reases  th e  e le c tro n  d e n s ity  o f Pd th ro u g h  m e ta l- s u p p o r t 
in te ra c tio n s .
3. The in c re a se  in  th e  s e le c t iv i ty  o f a c e ty le n e  to  e th y le n e  is  due 
to  e a s ie r  deso rp tio n  o f e th y le n e  on th e  Pd s u rfa c e  and  su p p ressed  
read so rp tio n  o f e th y le n e  from  th e  gas  p h ase .
4. T esting  o f K doped  c a ta ly s ts  u n d er in d u s tr ia l  co n d itio n s  is  
d e s ira b le  considering  th e i r  a b i l i ty  to  su p p re ss  e th y le n e  h y d ro g en a tio n  
w hile enhancing  a c e ty le n e  h y d ro g e n a tio n .
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VIII. OVERALL CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions
The e ffe c ts  o f carbon  m onoxide ad d itio n  to  th e  r e a c ta n ts  and  
po tassium  to  th e  c a ta ly s t ,  fo r th e  se le c tiv e  h y d ro g en a tio n  o f ace ty le n e  
o v e r Pd/Als03 w as s tu d ie d  by  deu terium  tr a c e r  ex p erim en ts  and  
te m p e ra tu re  program m ed re a c tio n  (TPR). A cety lene  a n d  e th y len e  
d e u te ra tio n  ex p erim en ts  com bined w ith  Kem ball's s t e a d y - s t a t e  a n a ly s is  
p rov ided  in fo rm atio n  concern ing  th e  re la tiv e  ra te s  o f su rfa c e  p rocesses 
fo r h y d ro g en a tio n . TPR of a c e ty le n e  and  e th y le n e  in  hyd rogen , w hich was 
perform ed fo r th e  f i r s t  tim e in  th is  s tu d y , enab led  a n  in v e s t ig a tio n  of 
th e  b e h a v io r  o f ad so rb ed  sp ec ies  on Pd from ace ty le n e .
CO a d d itio n  to  th e  re a c tio n  m ix ture  for e th y le n e  d e u te ra tio n  
in c re a se s  th e  p ro b a b ility  o f e th y le n e  deso rp tion  v ia  CO d isp lacem en t of 
e th y le n e . D uring a c e ty le n e  TPR experim en ts, CO a lso  su p p resse d  th e  
hy d ro g en a tio n  o f  ad so rb ed  sp ec ie s  by blocking h y d rogen  adso rp tion . 
E x tra p o la tin g  th e se  r e s u l t s  to  In d u s tr ia l cond itions su g g e s ts  th a t  th e  
m ain e ffe c t o f CO on th e  e th y le n e  s e le c tiv ity  in  th e  s e le c tiv e  rem oval of 
tra c e  a c e ty le n e  from raw  e th y le n e  s tream s is  due to  d isp lacem en t of 
e th y len e .
K doped c a ta ly s ts  y ie ld  an  enhancem en t in  th e  s e le c tiv i ty  to  
e th y le n e , an  in c re a se  in  th e  r a te  o f th e  a c e ty le n e  re a c tio n , and  an 
in c re a se  in  th e  oligom er y ie ld  fo r th e  hyd ro g en a tio n  o f a ce ty le n e . K 
doping in c re a se s  th e  p ro b a b ility  o f e th y le n e  d eso rp tio n  d u rin g  e th y len e  
d e u te ra tio n  and  low ers th e  d eso rp tio n  te m p era tu re s  o f su rfa c e  species 
d u rin g  a c e ty le n e  TPR, w hich in d ic a te s  a reduced s tr e n g th  o f  ad so rp tio n
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fo r a ll h y d ro carb o n  sp ec ies. The in c re a se  in  th e  s e le c tiv i ty  to  e th y le n e  
is  cau sed  by e a s ie r  d eso rp tion  from th e  K doped c a ta ly s ts  an d  h in d e re d  
ad so rp tio n  of e th y le n e .
A com parison  o f th e  e ffe c ts  o f CO an d  K re v e a ls  some common 
a sp e c ts  o f th e se  a d d itiv e s  even  th o u g h  th e  m ethods o f m odifying c a ta ly s t  
a re  to ta l ly  d if fe re n t. For th e  h y d ro g en a tio n  o f  a ce ty le n e , b o th  a d d it iv e s  
en h an ce  th e  e th y le n e  s e le c tiv ity  o f  Pd/Al203 and  do so in  th e  sam e way 
by su p p ress in g  th e  a d so rp tio n /re a c tio n  o f  e th y len e . But th e  e f fe c ts  on 
th e  r a te  o f a c e ty le n e  conversion  a re  o p p o s ite  w here CO blocks h yd rogen  
ad so rp tio n  s i te s  re su lt in g  in  a  red u ced  re a c tio n  r a te  w hile K p ro v id es  
hydrogen  s i te s  by reducing  th e  dom inance o f a c e ty le n e  ad so rp tio n  on Pd 
so t h a t  a  h ig h e r r a te  is  ach ieved .
The re s u lts  o b ta in ed  from a c e ty le n e  TPR experim en ts  a re  s im ila r to  
th e  r e s u l t s  o f th e  h y d ro -o lig o m eriza tio n  re a c tio n , b u t TPR show s s e v e ra l 
a d v a n ta g e s  o v e r th e  b a tch  re a c tio n  ex p erim en ts . More oligom eric sp ec ie s  
could be exam ined w ith  TPR b ecau se  y ie ld s  o f h igher oligom ers w ere too  
sm all to  be d e te c te d  in  th e  b a tc h  re a c tio n . The p rod u c t o f ad so rb ed  
po isons could a lso  be exam ined v ia  TPR m ore eas ily . Each re a c tio n  s te p  
is  a t  le a s t  p a r t ia l ly  se p a ra te d  v ia  TPR so  t h a t  more d e ta ile d  in fo rm atio n  
on each  s te p  can  be o b ta in ed . Peak  te m p e ra tu re s  and  a re a s  p rov ided  
In fo rm ation  a b o u t su rfa c e  spec ies  an d  po isons  could be adso rbed  befo re  
or a f te r  r e a c ta n ts  so t h a t  th e  co rresp o n d in g  e ffec ts  could be com pared. 
A cety len e  TPR experim en ts  c le a rly  d e m o n s tra te  th e  s i te  blocking e ffe c t o f 
CO and  th e  e le c tro n ic  e ffec t o f K prom otor. The re s u lts  o f th i s  s tu d y  
show s th a t  TPR can  be a  v e ry  u se fu l te ch n iq u e  for s tu d y in g  th e  
fu n d am e n ta l a sp e c ts  o f hydrocarbon  h y d ro g en a tio n .
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8.2 Recom m endations
1. In th i s  s tu d y , K doped c a ta ly s ts  w ere te s te d  fo r th e  a c e ty le n e  
h y d ro g en a tio n  re a c tio n  in  a  b a tc h  re a c to r  u n d e r co n d itio n s  o f re la t iv e ly  
h igh a c e ty le n e  p a r t ia l  p re s su re s . S ince ou r re s u l ts  seem  prom ising from 
th e  s ta n d p o in t o f im proved e th y le n e  s e le c tiv i ty , i t  is  recom m ended th a t  
K doped c a ta ly s ts  be te s te d  u n d e r co n d itio n s  no rm ally  em ployed in  
In d u s try . In ad d itio n  to  te s t in g  th e  c a ta ly s t  a c t iv i ty  an d  s e le c tiv i ty , 
c a ta ly s t  ag ing  e ffe c ts  shou ld  be a lso  be te s te d  b eca u se  K doping m ight 
d ec re ase  th e  fo rm ation  of h igh  oligom ers th ro u g h  en h an ced  d eso rp tio n  of 
low m olecu lar w eight oligom ers th e re b y  h a ltin g  p ro p ag a tio n  to  high 
polym ers w hich m ay be re sp o n s ib le  fo r c a ta ly s t  fou ling .
2. Global e ffe c ts  o f K doping on oligom er fo rm ation  from a c e ty le n e  
could be found by an  o v e ra ll a n a ly s is  o f oligom er p ro d u c ts  in c lud ing  high 
m olecular w e ig h t polym ers t h a t  re s id e  on th e  c a ta ly s t .  M icrobalance 
a n a ly s is  o f th e  c a ta ly s t  w hile  perform ing re a c tio n  ex p erim en ts  is  
su g gested .
3. T his s tu d y  show ed th a t  p read so rb ed  CO w as more e f fe c tiv e  th a n  
coadsorbed  CO in  enh an c in g  th e  s e le c tiv i ty  to  e th y le n e  during  a c e ty le n e  
h y d ro g en a tio n . T hus, in d u s tr ia l  re a c to rs  m ay b e n e f it from a  CO tre a tm e n t 
p rio r to  in tro d u c tio n  o f th e  raw  e th y le n e  stream .
4. TPR ex p erim en ts  u s in g  a c e ty le n e  and  e th y le n e  w ere se v e re ly  
h in d e red  by h e a v y  decom position and  p h y siso rp tio n  o f  th e  a d so rb a te s , so 
th a t  th e  fu ll p o te n tia l  o f th is  te ch n iq u e  w as n o t  re a liz e d . A pp lica tion  o f 
more s ta b le  com pounds such  a s  benzen e  could y ie ld  more in fo rm ation  on 
th e  h y d ro g en a tio n  m echanism .
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5. The p a ram e te r op tim ization  m ethod  developed  in  th is  s tu d y  fo r 
th e  c a lc u la tio n  o f K em ball's p a ram e te rs  from h y d rocarbon  d e u te ra tio n  
ex p erim en ts  was more e ff ic ie n t and  a c c u ra te  th a n  th e  p rev io u s  t r i a l  and  
e rro r  m ethod. With th is  p rocedure , th e  p a ra m e te rs  fo r  th e  d e u te ra tio n  of 
h ig h e r o le fin s  can  p robab ly  be de term ined  e a s ily  b u t  th e se  s tu d ie s  h av e  
been  avo ided  in  p rev io u s  re p o rts  due  to  th e  com plexity  o f th e  
ca lc u la tio n s  in  s p ite  o f th e  possib le  m e ch an is tic  v a lu e . We h a v e  a lre ad y  
perform ed th is  ca lcu la tio n  fo r p ro p y len e  d e u te ra tio n  w ith o u t any  
c a lc u la tio n  problem s. F u r th e r  s tu d ie s  o f hydrocarbon  d e u te ra tio n  should  
p e rh ap s  be d e riv e d  along th e se  lin es  s in c e  su ch  s tu d ie s  would be novel.
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Appendix A. Derivation of H/D Balance Equations In Kemball's Method
H/D B alance E q u a tio n s  fo r A cety lene  D eu te ra tio n
(ad ap ted  from  Bond (1966b,1968))
The g en e ra l m echanism  for ace ty len e  d e u te ra t io n  is  assum ed as 
follows.
X X
C2X2(a) \  > C2X3(a) --------- »C2X«(a) (X = H o r D)
C2X2( a ) ---------► C2X3(a) l
C2X2(a) + H -------- ► C2X2H(a) 1 -q
C2X2(a) + D --------► C2X2D(a) q
C2X3(a) --------- >C 2X2(a) 1 -p
C2X3(a) --------- ► C2X«(a) p
C2Xs(a) + H -------- > C2X3H(a) 1 - s
C2Xs(a) + D  >C2XsD(a) s
All p ossib le  d e u te riu m  co n ta in in g  species  m ay be  p re s e n t on th e  
c a ta ly s t  su rfa c e . In  o rd e r to  model th e  in te rc o n v e rs io n  p ro cesses, we 
adopt th e  fo llow ing  n o m en c la tu re  w here low er ca se  l e t t e r s  re p re se n t th e  
frac tio n s  o f co rresp o n d in g  u p p ercase  species:
A cety lenes:
CHCH (Ai). CHCD (Aa), CDCD (As)
V inyls:
CHCHa (Bi). CHCHD (B2), CDCH2 (Bs), CHCDa (B«), CDCDH (Bb).
CDCDs (Bs)
142
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E th y len es:
CH2CH2 (EO, CHzCHD (E2), CHDCHD (EO, CH2 CD2 (EO, CHDCD2 (Eo).
CD2CD2 (Ee)
A s te a d y  s ta te  d e u te riu m /h y d ro g e n  ba lan ce  eq u a tio n  among a c e ty le n e  
an d  v in y l species can  be w r i t te n  fo r each  o f th e se  sp ec ie s  (ex ce p t Ai) as  
follow s.
[Rate of consum ption] = [Rate o f genera tion ]
Here, fo r  consum ption of a  sp e c ie s  o n ly  conversion  to  o th e r  sp e c ie s  need  
to  be considered  sin ce  d e so rp tio n  o f a ce ty le n e  or v in y l ra d ic a ls  is  n o t 
p robab le .
Ex) A3 :
R ate o f A3  being co n v e rted  to  v in y l species:
(P robab ility  o f x ( f ra c t io n  o f A3) 
ace ty len e  
hydrogenation )
1
R ate o f A3 being g e n e ra te d  from  v in y l species:
(P ro b ab ility  o f x (F ra c tio n  x (P robab ility  o f  H/D
v in y l rev e rsa l) o f  v in y l) ru p tu re  from v in y l
to  g en e ra te  A3)
( 1 —p) bo 1/2 (from  Bo)
( 1 —p) 1 (from  Be)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
144
T he b a lan ce  is
&3 =  ( l - p)bo/2. +  ( l-p )b 6
E igh t s im u ltan e o u s  e q u a tio n s  fo r isom ers a t  s te a d y  s t a t e  a re  as  follows, 
az = ( l -p )b z /2  +  (1 —p)b3 + ( 1 -  p)b« + (1 —p)bo/2
a.3 = ( l-p )b o /2  + (1 —p)b6
b i = ( l - q ) a i
bz = q a i + ( l -q )a z /2  
b3 = ( l - q ) a z /2
b< = qaz/2
bo =  q a z /2  +  (1 —q )a3  
be =  qa3
An e q u a tio n  fo r th e  to ta l  b a lan ce  is  added:
1. = a i + az +a3 + b i + bz + b3 + b< + bo + b6
T hese e q u a tio n s  a re  u sed  a s  e q u a lity  c o n s tr a in ts  in  th e  optim ization  
p ro ced u re  d escribed  in  A ppendix  E.
T he e th y le n e  f ra c tio n s  a re  re la te d  to  th e  v in y l f ra c tio n s  and  th e  
p a ra m e te rs  a s  follows: 
e i = p ( l - s ) b i
e2  =  p s b i  +  p ( l - s ) b 2  +  p ( l - s ) b 3
e3  =  p s b 2 +  p ( l - s ) b a
e« =  p s b 3  +  p ( l - s ) b 4
eo  =  p s b 4  +  p sb o  + p ( l - s ) b 6
e e  — p s b e
T hese e q u a tio n s  re p re s e n t th e  th e  com puted f ra c t io n s  o f  th e  d e u te ra te d
e th y le n e  sp ec ie s  an d  a re  u sed  in  th e  le a s t  s q u a re s  ob jec tiv e  fu n c tio n
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d esc rib e d  in  A ppendix E.
H/D B alance E q u a tio n s  fo r E th y le n e  D e u te ra tio n
(a d a p te d  from  Kemball (1956) an d  Bond (1964a))
The g en era l m echanism  fo r a c e ty le n e  d e u te ra tio n  is  assum ed as  
follow s.
X X
C 2 X 4  ^ ---------:> C 2X 4( a )  j  V.T-A C 2X a ( a )  ------ ^C 2Xs (X= H or D)
C2X 4 (a )---------- »C2X4 l / ( l+ p )
C2X4(a) --------- ^ C 2Xs(a) p /( l+ p )
C2X4(a) + H ----->C2X4H(a) 1 /(1 +q)
C2X4(a) + D ----->C2X4D(a) q /( l+ q )
C2X s(a )--------- ► C2X4(a) r /(  1 + r)
C2X s(a )--------- >C2Xft(a) 1/(1 + r)
C2Xs(a) + H --------- ► C2XoH(a) 1 /(1 + s)
C2Xs(a) + D ------^C2XsD(a) s / ( l+ s )
w here
p =  {chance o f C2X4(a) •>—*.C2Xu(a)}/{chance o f C2X4(a) —* 0 2 X4 }
r  = {chance o f C2Xo(a) —>C 2X 4(a))/{chance o f C2Xs(a) —* 0 2 X6 }
q =  {chance o f C2X4(a)+D —*»C2X4D(a)}/
{chance o f C2X4(a)+H — »-C2X4H(a)} 
s =  {chance o f C2Xo(a)+D — ^C2X aD (a)|/
{chance o f C2Xo(a)+H —>C2XoH(a)|
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A ll p o ssib le  d eu te riu m  c o n ta in in g  species  m ay be p re s e n t on th e  
c a ta ly s t  su rfa c e . In o rd e r to  model th e  in te rc o n v e rs io n  p ro cesses , we 
ad o p t th e  fo llow ing n o m en cla tu re  w here low er ca se  l e t t e r s  re p re s e n t th e  
f ra c tio n s  o f  co rrespond ing  u p p erca se  species:
E th y len es :
CHzCHz ( E i) ,  CH2CHD (E z), CHDCHD (E 3) . CH2CD2 (E O . CHDCD* (Eo),
C D 2 C D 2  (E o )
E th y ls :
CH2 C H 3  ( F i ) ,  CH2 C H 2D (F 2 ) ,  CHDCHs (F a ), CHDCH 2 D (F 4 ) .  C H 2 CHD2  (F o ),
CD2 C H 3  (F o ). CH2 C D 3 ( F t) , CD 2 CH2 D (F s ), C HD CH D 2  (F s ), CHDCDa ( F 10 ) .
CD 2 C H D 2  ( F 1 1) ,  CD 2 CD3  ( F 1 2 )
E th an es :
CH3CH3 (G i) , CH3CH2D (G2). CH3CHD2 (G 3) . CH2DCH2D (G O . CH2DCHD2 (Go),
CH3CD3 (Go), CH2DCD3 (Gt) ,  CHD2CHD2 (G a), CHD2CD3 (G O . "D3CD3 (G10)
The s te a d y  s ta t e  deu te riu m /h y d ro g en  b a la n c e  eq u a tio n  among 
e th y le n e  an d  e th y l sp ec ie s  a re  g e n e ra te d  for each  of th e s e  spec ies
[R ate o f  consum ption] =  [Rate o f gen era tio n ]
or
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w here
Qa : fraction of each entity
Mh» : the  r a t io  o f th e  ch an c e  o f a n  e n t i ty  o f th e  ty p e  m
becoming an  e n t i ty  o f  ty p e  n  to  th e  ch an ce  o f in's le a v in g  
the  su rfa c e
aa(0) : th e  f ra c tio n  o f  th e  e n t i ty  p re s e n t  in i t ia l ly
(aB(0 )= l fo r Ei. a n d  a B(0)=  0 fo r a l l  o th e r  e n tit ie s )
Ex) Ei :
R ate o f Ei d isap p ea rin g  e i th e r  by  d eso rb in g  from th e  su rface  
or being co n v e rted  to  e th y l  sp e c ie s ,
(Chance o f  x ( f ra c tio n  o f  
a  process) th e  sp e c ie s)
1 e i (fo r d eso rp tio n )
p e i (fo r h y d ro g en a tio n )
Amount of Ei in i t ia l ly  p re s e n t,  e i(0 ) = 1 . 0
R ate o f Ei being g e n e ra te d  from e th y l  spec ies,
(Chance o f x (F ra c tio n  x





(P ro b ab ility  o f H/D 
ru p tu re  from e th y l 
to  g iv e  Ei)
1 (from Fi)
1/3 (from F2 )
The balance is
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e i( l+ p )  = l  + r f i  + rfz /3
18 s im u ltan e o u s  eq u a tio n s  fo r Isom ers a t  s te a d y  s ta t e  Includ ing  an  
e q u a tio n  fo r  th e  to ta l  b a lan ce  a re  a s  follow s: 
e i( l+ p )  = 1 + rfi +  rfs/3  
eaU + p) =  2rfz/3 + rf3 +  rf«/3 +  2rfbo/3 
e3( l+ p )  =  2rf«/3 + 2rfs/3  
e i( l+ p )  — rfo/3 + rf6 + rf7 + rfs /3  
eo (l+ p) = 2rf«/3 + rf9/3 + rfio +  2 rfn /3  
e6 (l+ p ) — r f i 2 + r fn /3  
f i d + r )  =  p e i /( l+ q )  
f2 ( l+ r )  =  pe2/ 2 ( l+ q )  + p q e i /( l+ q )  
f 3 < l+ r) =  pe2/ 2 ( l+ q )  
f« d + r )  =  pqe2/ 2 ( l+ q )  + p e3/{ l+ q )  
fo (l+ r)  = pqe2/ 2 ( l + q )  + p e i /2 d + q )  
fe ( l+ r)  = p e< /2 d + q ) 
f7<l+r) =  pqe</2(H -q) 
fa ( l+ r)  =  p q e* /2 (l+ q ) +  p e s /2 ( l+ q )  
f s d + r )  = pqe3/ ( l+ q )  + p eo /2 (l+ q ) 
f io (l+ r)  =  p q eo /2 (l+ q ) 
fn U + r )  = p q eo /2 (l+ q ) + p es /O + q ) 
fi2 ( l + r )  =  p q e e /d + q )
T hese  e q u a tio n s  a re  used  a s  e q u a l i ty  c o n s tra in ts  in  th e  op tim iza tion  
p ro ced u re  describ ed  in  A ppendix E.
E th a n e  f ra c tio n s  a re  re la te d  to  th e  e th y l fra c tio n s  and  th e  
p a ra m e te r  s.
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g l S f l / ( l + S )
gZ = s f x / d + s ) + f a / d + s )  +  f 3/ ( l + s )
g 3 = Sf3/ ( l + 6 ) +  f a / d + s )  +  f 6/ ( l + s )
g< = s f g / O + s ) + fe/d+s)
go = s f « / ( l + s ) + s f a / d + s )  +  f s / d + s )  +
ge = s f s / d + s ) + f ? / ( l + s )
g7 = s f 7/ d + s ) + s f o / d + s )  + f i o / ( l + s )
ge = s f 9/ d + s ) + f u / d + s )
ge = s f i o / d + s ) + s f n / d + s )  +  f  1 2 /(1 + s )
gio s f i z / d + s )
T hese eq u a tio n s  re p re s e n t th e  th e  com puted f ra c tio n s  o f th e  d e u te ra te d  
e th a n e  species and  a re  u sed  in  th e  le a s t  sq u a res  o b jec tiv e  fu n c tio n  
described  in  A ppendix  E.
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A ppendix  B. M ass T ra n s fe r  C a lcu la tio n  fo r TPR E x p erim en ts
G orte 's  c r i te r ia  (1982) fo r  t r a n s p o r t  e ffe c ts  in  TPD/TPR in c lu d es  fo u r 
p a ram e te rs  re p re se n tin g  th e  lag  tim e fo r sam ple m easurem en t, th e  lag 
tim e fo r  g as  d iffu s io n  w ith in  th e  c a ta ly s t  pore, th e  im portance of
c o n c e n tra tio n  g ra d ie n ts  in  th e  c a ta ly s t  p e l le t  th e  im portance of
re a d so rp tio n . In  o rder to  t e s t  w h e th e r  th e  e x p e rim en ta l cond itio n s  for
TPR s a t is fy  th e s e  c r ite r ia , a  c a lc u la tio n  was perform ed fo r th e  hexane 
p ro d u c t from C2H2  TPR. N -h e x a n e  is  a  p robab le  sp e c ie s  fo r th e se  e ffec ts  
due to  i t s  h ig h  m olecu lar w eight and  low d eso rp tio n  te m p e ra tu re . In th is  
c a lc u la tio n , th e  follow ing d a ta  w ere used .
C a ta ly s t W eight, W: 0.05 g so lid  d e n s ity , da: 0 .98 g/cm3
Void Volume, V0: 0 .71cc/g  S urface A rea, S0: 215 m2/g
C a ta ly s t  P a r tic le  Size, dp: 7 .4  x 10-3 cm (200 -  325 m esh) 
T em p era tu re  (D esorption  te m p e ra tu re  fo r h e x a n e  d u rin g  TPR),
T: 273 K
For th e  ex perim en t to  y ie ld  th e  a c tu a l r a te  o f  deso rp tion , th e
av e ra g e  re s id en c e  tim e of th e  d eso rb ing  gas in  th e  c a ta ly s t  bed m ust be 
sm all. T he lag  tim e o f a  g as  in  th e  bed m ay be cau sed  by a  p a r tia l  
p re ssu re  bu ildup  in  th e  re a c to r . A la rg e  lag  tim e w ill r e s u l t  in  a  
b roaden ing  o f  th e  d eso rp tio n  p eak s  and  an  u p sc a le  s h if t  in  th e  
d eso rp tio n  te m p e ra tu re . Via G orte 's  c r i te r ia  (1982), fo r th e  lag  tim e to  be 
neg lig ib le
V B /Q (T f  -  To) < 0 .0 1
w here V is  th e  volum e of th e  c a ta ly s t  bed, B is  th e  h e a tin g  ra te ,  Q is
150
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th e  c a rr ie r  gas flow  r a te ,  and  ( T f  -  T 0)  is  th e  d iffe re n c e  o f  th e  f in a l
and  in i t ia l  te m p e ra tu re s  o f th e  T P R  experim en t.
For C2H2 TPR,
V = 0 .05  cm3, Q = 200 cm3/m in .
B = 5 K /m in., ( T f  -  To) *  500 K
th e re fo re
V B /Q ( T f  -  To) =  2 .5  X  1 0 "6 «  0 .0 1
T his shows th a t  th e  lag  tim e in  th e  c a ta ly s t  bed is  n eg lig ib le .
The second c r i te r ia  is  th e  lag  tim e fo r a  gas  to  d iffu se  o u t o f a
c a ta ly s t  pore, w h ich  can  cau se  an  accum ula tion  o f d eso rb in g  g as  in s id e  
th e  c a ta ly s t  pore. T h is  e ffe c t is  neg lig ib le  when:
Br2e/(T f -  T o )D * < 0 .0 1
w here r  is  th e  ra d iu s  o f a  sp h e rica l c a ta ly s t  p a r tic le ,  e is  th e  p o ro sity , 
and  Do is  th e  e f fe c tiv e  d if fu s iv ity  o f th e  d eso rb in g  g as  th ro u g h  th e  
c a rr ie r  gas.
Here, r  = dp/2 =  3.7 x  10-3 cm
e =  VBd8/(V 0ds + 1 ) =  0 .4 1  
In th e  c a lc u la tio n  o f th e  e ffe c tiv e  d iffu s iv ity , th e  b u lk  d if fu s iv ity , D a ,b , 
w as f i r s t  app ro x im ated  by th e  C hapm an-E nskog e q u a tio n ,
Da,b =  0 . 0 0 1 8 5 8 ( T 3( 1 /M a +  1 /M b) ) 0B /  ( p o 2a b Q d )
w h e r e  M a a n d  M b a r e  m o l e c u l a r  w e i g h t s ,  p  i s  p r e s s u r e ,  g a b  i s  c o l l i s i o n
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In te g ra l and  Qd is  a d im ension less fu n c tio n  o f T and L en n a rd -Jo n es  
p a ram e te rs  o a b  and  c a b .
In u s in g  th is  equation , th e  p h y s ic a l p ro p e rtie s  o f  B were ta k e n  to
co rrespond  to  He since 90 % of th e  c a r r ie r  gas w as He and th e  r e s t  was
Hs.
T = 273 K p = 1 atm
M a  = 4 Mb =  86
O ab  =  4.243 Qd = 0.8735
So
D a.b =  0 .2 7 3  crn2/ s e c
The K nudsen d iffu s iv ity , Dk, w as c a lc u la te d  by th e  equation ,
Dk =  9700a(T/MB)os
in  w hich a  is  th e  average pore ra d iu s
a  = 2Vo/Sa = 6.6 x 10~7 cm
Then
Dk =  0.0114 cm2/se c
T he e ffe c tiv e  d iffu s iv ity , Da, w as th e n  e s tim a te d  from
De =  ( 1 / D a ,b +  l / D ^ - H e / T )
w here t is  to r tu o s i ty  fac to r w hich is  assum ed  to  be 3, so
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D* =  1.49 X  10-* cm2/s e c  
U sing th e se  v a lu e s , we find
Br*e/(Tf -  To)De =  6 .2  x 10"7 «  0.01
T his show s th a t  th e  lag  tim e w ith in  th e  c a ta ly s t  pore is  a lso  n eg lig ib le .
C oncen tra tio n  g ra d ie n ts  w ith in  th e  c a ta ly s t  p e lle t  c o n tro lle d  by th e  
ra t io  o f th e  c a rr ie r  gas flow r a t e  to  th e  d iffu s iv ity . In o rd er to  assum e 
n eg lig ib le  co n ce n tra tio n  g ra d ie n ts
Qr/DeA < 0 . 1
w here A is  th e  to ta l  e x te rn a l s u r fa c e  a re a  o f the  c a ta ly s t  sam ple . S ince 
A = 6W/(dPda) = 4 1 . 4  cm2
We fin d
Qr/DeA =  0.2 > 0.1
T h is show s th a t  th e re  is  a  p o s s ib il i ty  o f  co n cen tra tio n  g ra d ie n ts  in  th e  
c a ta ly s t  pe lle t, w hich w ould m ake i t  d ifficu lt to  c a lc u la te  k in e tic  
p a ra m e te rs  by th e  m ethods b a se d  on th e  assum ption  o f  un iform  
co n c e n tra tio n  of a  p ro d u c t w ith in  th e  c a ta ly s t  p e lle t.
F in a lly , th e  e ffe c ts  o f re a d so rp tio n  o f a  deso rb ing  g as  m ay be 
n e g le c te d  if
rd p F r^ s/rF D e < 1
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w here r is  th e  a c tiv e  su rfa c e  a re a , dp is  th e  d e n s ity  of th e  c a ta ly s t ,  F 
is  f lu x  of gas to  th e  su rfa c e  (=(RT/2nMi»)0-B), and  s is  th e  s tic k in g  
co effic ien t.
T he a c tiv e  su rface  a rea , r, o f  1% Pd/AhOa (d ispersion  45.6%) w as 
c a lc u la te d  to  be 2.03 m2/g  from th e  know ledge o f num ber of m e ta l a tom s 
p e r u n i t  a re a  of Pd su rfa c e , 1.27 x 1019 m-2 (A nderson, 1975b). T hen,
rdPFr2s /n 2D* =1.28 x lO Bs  < 1
No d a ta  fo r th e  s tic k in g  co e ffic ien t, s , fo r  h e x a n e  or o the r TPR p ro d u c ts  
on Pd could be found in  th e  open l i t e r a tu r e .  But a  q u a lita t iv e  reaso n in g  
on th e  e ffec t of read so rp tio n  is  p o ss ib le . E xcep t benzene, th e  TPR 
p ro d u c ts  a re  s a tu ra te d  h yd rocarbons. S a tu ra te d  hydrocarbons a re  known 
to  ad so rb  w eakly on m e ta l atom s upon th e  lo ss  o f a  hydrogen atom  b u t 
th is  d isso c ia tiv e  ad so rp tio n  is  p re v e n te d  in  th e  p resence o f hydrogen  
(Szabo e t  a l, 1976). S ince hydrogen  can  ad so rb  on Pd s ite s  fre e ly  d u ring  
TPR, read so rp tio n  o f TPR p ro d u c ts  on th e  m e ta l (except p o ssib ly  fo r 
b en zen e) is  p robab ly  neg lig ib le  w hich is  e q u iv a le n t to  a sm all v a lu e  o f 
th e  s tic k in g  p ro b ab ility .
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Appendix C. Data Acquisition and Control System
In  o u r ex p erim en ts , th e  mass in te n s i ty  d a ta ,  te m p e ra tu re  and  time 
a re  m on ito red  by an  IBM-PC m icrocom puter c o n tro lle d  sy stem  (R efer to  
F ig u re  C - l ) .  T h is  system  co n sis ts  o f UTI 100C m ass a n a ly z e r , S p ec tra lin k  
in te r fa c e  m odule (UTI), therm ocouple s ig n a l co n d itio n in g  module 
(M etraB yte M1311), IBM-PC and a  com puter program , "TPR.C". S p ec tra lin k  
is  th e  com puter in te r fa c e  device fo r th e  UTI 100C m ass a n a ly z e r  which 
c o n ta in s  firm w are to  im plem ent con tro l and  d a ta  com m unication  program s. 
T h ere fo re  e x te rn a l  co n tro l of th e  m ass sp e c tro m e te r  and  ion m onitoring  
c an  be e a s ily  done by sending le t te r  codes w hich in v o k e  th e  firm ware 
p rogram s v ia  R S-232 protocol. The s ig n a l co n d itio n in g  m odule accep ts  
s ig n a ls  from th e  therm ocouple, perform s a n a lo g /d ig ita l  convers ions, 
c o n v e rts  th e  d a ta  in to  tem p era tu re  u n i ts  and  tra n s m its  th is  d a ta  v ia  
R S-232 p ro to co l to  th e  h o s t com puter.
The program , "TPR.C", con tro ls th e  w hole p ro ced u re  o f d a ta  
a c q u is itio n  an d  p rocessing . I t  is w r itte n  in  C la n g u ag e  an d  m akes u se  of 
G reen lea f C lib ra ry  func tio n s  to  perform  v a r io u s  ta s k s  inc lud ing  
in te r ru p ts ,  sen d in g  an d  rece iv ing  d a ta  v ia  R S -232  p ro toco l, time 
reco rd in g , e tc . With th is  program, te m p e ra tu re , tim e, and  d es ired  m ass 
in te n s i t ie s  can  be assem bled  sim u ltan eo u sly  a t  d e s ig n a te d  tim e in te rv a ls  
fo r d isk  s to ra g e  and  fu r th e r  processing .
T he o p e ra tin g  cond itio n s  for th e  m ass sp e c tro m e te r  such  a s  am plifier 
co n tro l, d e te c to r  ty p e , am plifier read in g  in te rv a l ,  e tc .  can  be s e t  from 
TPR.C th ro u g h  s tr in g  commands s e n t to  S p e c tra lin k . The program  also 
allow s c a lib ra t io n  o f ex a c t m ass lo c a tio n s  th ro u g h  th e  in v o c a tio n  of 
S p e c tra lin k  firm w are w hich d e te c ts  th e  e x is te n c e  o f  a  know n c a lib ra tio n
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(C om puter in terface  device) —
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Figure C -1 .  Data Acquisition and Control System.
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com pound an d  c o rre c ts  th e  m easured m ass lo c a tio n  to  th e  tru e ,  known 
lo c a tio n . O ur p ro ced u re  u sed  b iphenyl a s  a  c a l ib ra t io n  com pound which 
w as le a k e d  in to  th e  m ass spec trom eter by p a ss in g  a  He s tre a m  over a 
s h o r t  bed  o f b ip h en y l g ran u le s . The m ass sp e c tro m e te r  w as th e n  tuned  to 
th e  m ass num bers o f 18, 28, 39, 44, 51, 63, 76, 89 , 102, 115, 128, 139, 
an d  154, w hich a re  know n to  e x is t in  th e  b ip h en y l m ass spectrum  or in 
th e  m ass  sp ec tro m e te r  background. T his c a lib ra tio n  p ro ced u re  w as found 
to  be v e ry  im p o rtan t fo r th e  a cc u ra te  d e te rm in a tio n  o f  TPR p roducts .
For a  ty p ic a l TPR experim ent, th e  ru n  c o n d itio n s  inc lu d in g  mass 
num bers to  be m onito red , sam pling in te rv a ls ,  a n d  ru n  d u ra tio n  are 
acc ep ted  by  th e  TPR.C program  along w ith  th e  nam e o f a  f ile  for d a ta  
s to ra g e . When th e  TPR experim ent is  read y , th e  a n a ly s is  procedure is 
im plem ented  by TPR.C.
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Appendix D. Sample Calculation for Dispersion Measurement
The am ount o f CO chem iso rbed  on Pd, nad, was determ ined  from th e  
d iffe re n ce  betw een  th e  in i t ia l  p re s s u re  o f  CO, Pi. in  th e  a d so rp tio n  
volum e (V), an d  i t s  equ ilib rium  p re s su re , P«, as  follows
nad =  (Pi -  Pe)V/RTW
w here T = te m p e ra tu re  o f a d so rp tio n  volum e 
W = c a ta ly s t  w eigh t
In a  chem iso rp tion  e x p e rim e n t w ith  Pd/AbCte p rep a red  by w et 
im pregnation ,
V = 23.77  cm9 
an d  th e  adso rp tion  d a ta  w ere a s  follow s.
T = 294.2 K
P i(to rr) P e (to rr) nad(pmoles/g)
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T he a d so rp tio n  iso th e rm  is  g iv en  in  F ig u re  3 - 7  and  th e  am ount of 
th e  s tro n g ly  ad so rb ed  CO, w hich is  equal to  th e  d iffe re n ce  b e tw een  th e  
to ta l  a d so rp tio n  and  th e  weak ad so rp tio n , w as c a lc u la te d  to  be 41.46 
pm oles/g. The m e ta l d isp ers io n , D is  g iven  by
D =  nad,sX/npd
w here nad,s: th e  num ber of moles o f CO s tro n g ly  ad so rb ed  on Pd 
X : s to ich io m e tric  num ber o f CO a d so rp tio n  on Pd 
npd : th e  num ber of a tom s o f Pd in  1 g Pd/Al203 (1% Pd
co n ten t)
npd is  c a lc u la te d  to  be 9.398 x 10~8 m oles/g c a ta ly s t  and  X is  assum ed 
to  be 1, th e n
D = 0.441 (44.1%)
Upon re p e a tin g  th e  experim en t, D was 47.0 % so th e  d isp e rs io n  of 
Pd/A h03 c a ta ly s t  p rep a red  by w et im pregnation  was ta k e n  as  46.6 %, th e  
av e rag e  o f th e  tw o m easured  v a lu e s .
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Appendix B. Optimization using the GRG2 Program for the Determination 
of Kemball's Parameters
F orm ula tion  fo r o p tim iza tion
-  O bjective F unction :
The sum o f th e  d iffe re n c e s  b e tw een  th e  o b served  d eu te riu m  
d is tr ib u tio n  and  th e  c a lc u la te d  d is tr ib u tio n .
xi° =  o b se rv ed  f ra c t io n  o f iso to p ic  spec ies  in  g a s  p h ase  
(E th y len es  fo r a c e ty le n e  d e u te ra tio n ; e th y le n e s  
an d  e th a n e s  fo r e th y le n e  d e u te ra tio n . S u rface  sp ec ie s  
a re  n o t in c lu d ed  s in ce  th e y  can n o t be an a ly zed  by MS) 
xi = c a lc u la te d  f ra c t io n  o f  iso to p ic  spec ies 
1 = num ber of d eu te riu m  atom s
-  E q u a lity  C o n s tra in ts :
H/D b a lan ce  e q u a tio n s  fo r iso to p ic  sp ec ies  d e riv e d  in  A ppendix  A
-  In e q u a lity  C o n s tra in ts :
w here,
0 < x , < l
0 <p , q , s <  1
(fo r a c e ty le n e  d e u te ra tio n )
0 < p , q , r , s
(fo r e th y le n e  d e u te ra tio n )
O ptim ization  P a ram e te rs  and  In it ia l  V alues
160
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-  GRG2 O ptim ization  p a ram e te rs  u sed  :
EPN O .lE -6 , EPT 0 .1 E -6 , EPI 0 .1 E -3 , EPP 0 .1 E -3  
PHI 0 .1 E -4
-  In i t ia l  G uess:
(1) A cety lene  D eu te ra tio n
a t a2 as b i b2 b3 b« bo be
.4083 .0833 .0083 .2042 .2250 .0208 .0208 .0250 .0042
(2) E th y len e  D eu te ra tio n
ei es e s e« eo ee f t fs f s
.6012 .0596 .0030 .0005 .0002 .0000 .1503 .1577 .0075
U fa fe fT fs fs f io f i t  f io
.0082 .0075 .0001 .0001 .0001 .0008 .0000 .0000 .0000
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Appendix F. Raw TPR/TPD Data
In  o rd e r to  avo id  m aking c h a p te rs  too cum bersom e, m any  o f th e  TPD 
an d  TPR sp e c tra  w ere n o t in c lu d ed  b u t on ly  sum m arized in  ta b le s  in  th e  
a p p ro p r ia te  c h a p te rs . A ctua l s p e c tra  w hich were n o t in c lu d ed  in  p rev ious 
c h a p te rs  a re  co n ta in ed  in  th is  A ppendix.
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Figure F—1 a. P R  spectra of acetylene adsorbed on 100 m g Pd/alum ina at 223K 
(acetylene 146.3  Pa, Table 5 - 1 ) .
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Rgure F—1b. TPR spectra o f acetylene adsorbed on 100 mg Pd/alum ina at 223K  
(acetylene 146.3 Pa, Table 5 - 1 ) .
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Figure F -2 a . TPR spectra of acetylene adsorbed on 100 m g Pd/silica at 223K 
(acetylene 146.3  Pa, Table 5 - 1 ) .
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Figure F -2 b . TPR spectra of acetylene adsorbed on 100 mg P d /silica  at 223K 
(acetylene 146.3  Pa, Table 5 - 1 ) .
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Rgure F -3 .  TPR spectra of acetylene adsorbed on 100  mg alumina at 223K 
(acetylene 146 .3  Pa, Table 5 - 1 ) .
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Figure F -4 . P R  spectra o f acetylene adsorbed on 100 m g silica at 223K 
(acetylene 146 .3  Pa, Table 5 - 1 ) .
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Figure F -5a . TPR spectra o f acetylene adsorbed on Pd/alum ina at 223K  
(acetylene 20 .0  Pa, Table 5 - 2 ) .
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Figure F -5 b . TPR spectra of acetylene adsorbed on Pd/alumina at 223K  
(acetylene 20 .0  Pa, Table 5 - 2 ) .
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Figure F -6 a . TPR spectra o f acetylene adsorbed on Pd/alum ina at 203K  
(Table 5 - 3 ) .
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Figure F—6b. P R  spectra o f  acetylene adsorbed on Pd/alum ina at 203K 
(Table 5 - 3 ) .
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Fiqure F -7 a . P R  spectra o f acetylene adsorbed on Pd/alum ina at 243K  
(Table 5 - 3 ) .
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Rgure F -7 b . TPR spectra of acetylene adsorbed on Pd/alum ina at 243K 
(Table 5 - 3 ) .
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Figure F -8 a . TPR spectra of acetylene adsorbed on Pd/alumina at 223K 
(1st. run, Table 5 - 4 ) .










150 250 350 450 550 650
Temp (K)
Figure F -8 b . TPR spectra o f acetylene adsorbed on Pd/alumina at 223K 
(1st. run, Table 5 - 4 )
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Figure F -9 a . TPR spectra of acetylene adsorbed on Pd/alum ina at 223K 
(2nd. run, Table 5 - 4 . )
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Figure F -9b . TPR spectra of acetylene adsorbed on Pd/alum ina at 223K 
(2nd. run, Table 5 - 4 ) .
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Figure F -1 0 a . P R  spectra of acetylene adsorbed on Pd/alum ina at 223K 
(3rd. run, Table 5 - 4  j.
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Figure F—10b. TPR spectra of acetylene adsorbed on Pd/alum ina at 223K 
(3rd. run, Table 5 - 4 ) .
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Figure F—11. TPD spectra of acetylene adsorbed on Pd/olumina at 223K 
(Table 5 - 5 ) .
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Fiqure F—12. TPR spectra of ethylene adsorbed on Pd/alum ina at 203K  
(Table 5 - 6 )
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Figure F—13. TPR spectra of ethylene adsorbed on Pd/alum ina at 298K 
(Table 5 - 6 ) .
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Figure F—14a. TPR spectra of acetylene with preadsorbed CO on Pd/alum ina  
at 223K (20.0 Pa CO, Table 6 - 1 ) .
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Figure F—14b. TPR spectra of acetylene with preadsorbed CO on Pd/alum ina  
at 223K (20 .0  Pa CO, Table 6 - 1 ) .
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Figure F—15a. TPR spectra of acetylene with postadsorbed CO on Pd/alum ina  
at 223K (20 .0  Pa CO, Table 6 -1 ) .
















2 .5 0 -
2.00-





150 250 350 450 550 650
Temp (K)
Figure F—15b. TPR spectra of acetylene with preadsorbed CO on Pd/alum ina  
at 223K (20 .0  Pa CO, Table 6 - 1 ) .
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Figure F -1 6 a . TPR spectra of acetylene with postadsorbed CO on Pd/alum ina  
at 223K (73 .2  Pa CO, Table 6 - 1 ) .
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Figure F—16b. TPR spectra of acetylene with postadsorbed CO on Pd/alum ina  
at 223K (7 3 .2  Pa CO, Table 6 - 1 ) .
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Figure F—17. TPR spectra of ethylene with preadsorbed CO on Pd/alum ina at 203K 
(20 .0  Pa CO, Table 6 - 2 ) .











150 250 350 450 550 650
Temp (K)
Figure F—18a. TPR spectra of acetylene adsorbed on carbon-deposited P d /  
alumina at 223K (Table 6 - 3 ) .
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Figure F—18b. TPR spectra of acetylene adsorbed on carbon-deposited  P d / 
alumina at 223K (Table 6 - 3 ) .
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Rgure F -1 9 a . TPR spectra of acetylene adsorbed on Pd/alum ina at 223K 
(Pd dispersion =  16.72, Table 7 - 3 ) .
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Figure F—19b. TPR spectra of acetylene adsorbed on Pd/alum ina at 223K 
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figure F -2 0 a . TPR spectra of acetylene adsorbed on P d /1 %K—alumina at 223K 
(Table 7 - 3 ) .
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Figure F -20b . TPR spectra of acetylene adsorbed on P d/1 %K—alumina at 223K 
(Table 7 - 3 ) .
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Figure F—21 a. TPR spectra of acetylene adsorbed on Pd/2XK-alum ina at 223K 
(Table 7 - 3 ) .
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Rqure F—21 b. TPR spectra of acetylene adsorbed on P d/22K -alum ina at 223K  
(Table 7 - 3 ) .
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Figure F -2 2 a . TPR spectra of acetylene adsorbed on Pd/4XK-alum ina at 223K  
(Table 7 - 3 ) .
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Figure F -22b . TPR spectra of acetylene adsorbed on Pd/4X K -alum ina at 223K 
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Temp (K)
Figure F -2 3 a . P R  spectra of acetylene adsorbed on Pd/alum ina at 223K  
(catalyst dispersion =  36.2X, Table 7 - 3 ) .
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Figure F -2 3 b . P R  spectra o f acetylene adsorbed on Pd/alumina at 223K 
(catalyst dispersion =  3 6 .2 2 , Table 7 - 3 ) .
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Figure F -2 4 a . TPR spectra o f  acetylene adsorbed on 1?K -P d/alum ina at 223K  
(Table 7 - 3 ) .
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Figure F -2 4 b . TPR spectra of acetylene adsorbed on 1ZK—Pd/alum lna at 223K 
(Table 7 - 3 ) .
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